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Abstract: Ranaviruses (RV, [ridoviridae) are large double-stranded DNA viruses that
infect fish, amphibians and reptiles. For ecological and commercial reasons, considerable
attention has been drawn to the increasing prevalence of ranaviral infections of wild
populations and in aquacultural settings. Importantly, RV's appear to be capable of crossing
species barriers of numerous poikilotherms, suggesting that these pathogens possess a
broad host range and potent immune evasion mechanisms. Indeed, while some of the
95-100 predicted ranavirus genes encode putative evasion proteins (e.g., vIFa, vVCARD),
roughly two-thirds of them do not share significant sequence identity with known viral or
eukaryotic genes. Accordingly, the investigation of ranaviral virulence and immune
evasion strategies is promising for elucidating potential antiviral targets. In this regard,
recombination-based technologies are being employed to knock out gene candidates in the
best-characterized RV member, Frog Virus (FV3). Concurrently, by using animal infection
models with extensively characterized immune systems, such as the African clawed frog,
Xenopus laevis, it is becoming evident that components of innate immunity are at the
forefront of virus-host interactions. For example, cells of the macrophage lineage represent
important combatants of RV infections while themselves serving as targets for viral
infection, maintenance and possibly dissemination. This review focuses on the recent
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advances in the understanding of the RV immune evasion strategies with emphasis on the
roles of the innate immune system in ranaviral infections.
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anti-viral; immune-evasion; cytokines; inflammation
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1. Introduction

Over the last two decades it has become increasingly apparent that amphibian species are facing a
serious threat of extinction [1], where roughly one-third (32%) of the 6593 amphibian species are
diminishing as a result of complex, as of yet poorly understood causes. A number of possible
escalating factors have been attributed to these die-offs, including destruction of habitats, increased
levels of pollution, changes in climate as well as increasing ultraviolet irradiation [2,3]. While these
may be underlining mechanisms, there is also a prevailing theory that the increasing amphibian
declines stem from compromised immune systems of these animals coupled with elevated pathogenic
threats [2,3], undoubtedly resulting from one or a combination of the above.

Until recently, it was believed that viral infections were a secondary contributing factor in these
die-offs. However, currently members of the family /ridoviridae and particularly the genus Ranavirus
(RVs, family Iridoviridae) have gained attention due to the dramatic rise in the prevalence of RV
infections across pokilothermic species. In fact, ranaviruses are now considered the second most
common infectious agent plaguing wild and cultured amphibian species [2,3], with half of the
amphibian deaths in United States between 1996 and 2001 attributed to ranaviral infections [4].

Ranaviruses are icosahedral, double-stranded DNA viruses with large genomes, ranging between
105 and 140 kilobase pairs in size. Specifically, members of the family Iridoviridae are known to infect
three classes of ectothermic vertebrates: amphibians, bony fishes (teleosts) and reptiles [5].
To date three RV species that infect amphibians have been identified and grouped according to genetic
and ecological parameters [6]. Amongst these, Bohle Iridovirus (BIV) infects Australian frogs and has
so far remained confined to this region of the world. Ambystoma tiginum virus (ATV) infects
salamanders and is primarily localized to United States and Canada. In contrast, the Frog Virus 3 (FV3),
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initially isolated from the leopard frog, Rana (Lithobates) pipiens, has been recognized worldwide as
an amphibian pathogen. With a rapid increases in the prevalence and spread to multiple amphibian
species, FV3 is believed to be a potential global threat to amphibian populations [7]. Although, FV3 is
the greatest threat to pokilothermic vertebrates, information gained from studies dealing with the other
two RV species and indeed from other members of the family /ridoviridae (generically referred to as
“iridovirids” to distinguish them from members of the genus Iridovirus) should be recapitulated in
order to better understand the mechanisms of infection and immunity within this family.

It is also becoming evident that RVs likely possess a plethora of immune evasion and host modulation
mechanisms. A closer examination of the relationships between these viruses and their host immune
systems is clearly warranted in light of increasing ranaviral prevalence and the potentially declining
immune capacities of the ectothermic species that they infect. As compared to mammals, lower
vertebrates such as those infected by iridovirids, possess functional but relatively less effective
adaptive immune systems, with fewer antibody classes, poorer T lymphocyte expansion and generally
less developed immunological memory responses (reviewed in reference [8]). Accordingly these
organisms likely rely more heavily on innate immune components for pathogen clearance. In turn,
cells of the macrophage Ilineage are indispensable for innate immune responses.
In mammals, macrophages are long-lived, terminally differentiated cells of myeloid origin that exhibit
limited proliferation capabilities and a high level of heterogeneity [9]. During certain viral infections,
distinct macrophage subsets participate in anti-viral responses while in other instances mononuclear
phagocytes may become productively infected and serve as long-term viral reservoirs and agents of
viral dissemination. For example, during HIV infections macrophages are hijacked by the virus, store
large numbers of virions and facilitate cell-to-cell spread of HIV [10-12]. Conversely, as sentinels of
the immune system, macrophages recognize viral infections through a repertoire of pattern recognition
receptors [13—15] and facilitate viral clearance by producing an array of bioactive molecules. Thus
macrophages function in contrasting ways to either perpetuate virus replication or to eliminate it.

This review coalesces the current knowledge of the roles of innate immune components in ranaviral
infections as well as recent advances in the understanding of ranavirus immune evasion strategies.

2. The Role of Myeloid Cells in Ranaviral Infections
2.1. Mammalian Models of Ranaviral Infections

Interactions between Frog Virus 3 and cells of the innate immune system were first described over
30 years ago [16-18]. Employing a rat hepatitis model of FV3 infections, it was demonstrated that
liver macrophages (Kupffer cells) of virally-infected animals were primary targets of FV3 [16].
The necrotic death of these cells was linked to lack of hepatic clearance and subsequent toxicity
leading to severe hepatitis and animal deaths [16]. Interestingly, elevated production of leukotrienes by
FV3-infected rat Kupffer cells proved to be a contributing factor in this hepatitis progression [19]. Rats
infected with this pathogen exhibited elevated systemic levels of N-Acetyl leukotriene E4 while the
administration of specific chemical inhibitors targeting leukotriene synthesis drastically ablated
FV3-induced hepatocyte damage [19]. Furthermore, FV3-infected human Kupffer cells retained the
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capability to adhere to opsonized sheep red blood cells and initiate pseudopodia formation, but were
however not capable of completing phagocytic events [17].

Although mammalian cells grow at 37 °C and are thus not permissive to ranaviral replication [20],
these earlier studies provide information regarding the FV3 tropism and suggest that mononuclear
phagocytes may represent central cellular targets of RV infections, presumably due to their high
phagocytic and endocytic activities. Accordingly, shortly after infection viral particles have been
detected in phagocytic vacuoles and endocytic compartments [21]. Approximately a quarter of
attached virions exhibited viral-host membrane fusion events and viral core material were released into
cell cytoplasm [21]. These results suggest that while ranaviruses has evolved to thrive in ectothermic
vertebrates, the viral cell entry strategies are broad enough to allow invasion of target cell types of
evolutionarily distant organisms, such as the murine macrophage. Accordingly, myeloid cells may be
viral targets precisely because they actively take up extracellular particles (including virions) through a
plethora of wide-spectrum endocytic/phagocytic receptors. This in turn suggests a potential RV infection
strategy and perhaps explains why FV3 has been so successful at crossing host species boundaries.
Additionally, since FV3 is unable to replicate at non-permissive mammalian body temperatures, this
implies that FV3 does not elicit the observed pathogenic effects through newly synthesized viral
proteins but rather through one or more virion-associated proteins. Furthermore, factors responsible
for the inhibition of host RNA, DNA and protein synthesis [22] can be solubilized from the viral
particles [23], and are sufficient for inhibiting host cell nucleic acid synthesis [20].

2.2. Xenopus Macrophage Model of Ranaviral Infections

The above observations suggest the involvement of myeloid cells in FV3 infections while our
investigations performed using FV3 infections of the Xenopus model are consistent with this notion.
Our group has established a reliable infection model system using FV3 infections of the African
clawed frog, Xenopus laevis in order to investigate the ranavirus—host immune system interface.
Our earlier work revealed that viral DNA could be detected in frogs, months subsequent to their
infection and could also be found in apparently healthy animals that were not experimentally infected,
suggesting that FV3 might establish either quiescent or persistent infections in amphibians [24].
Furthermore, we have observed that FV3 actively infects frog peritoneal leukocytes (PLs), wherein the
virus persisted and underwent gene transcription for up to 12 days post infections [24]. These studies
implicated an immune cell subset present in the PL population as a potential vehicle for viral
dissemination or as a viral reservoir.

Indeed, subsequent transmission electron microscopy analysis of FV3-infected Xenopus peritoneal
leukocytes clearly revealed icosahedral virion particles in macrophage-like cells (Figure 1). Viral
particles accumulated as intracellular pools in cytosolic vacuoles of these cells (Figure 1A,B),
suggesting that FV3 might employ phagocytes as a means of storage and dissemination, reminiscent of
the HIV-macrophage relationship. Notably, some of the FV3-infected Xenopus peritoneal
macrophages also shed numerous FV3 particles (Figure 1C,D), confirming that these phagocytes may
serve as both viral stores as well as effective means of viral dissemination.
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Figure 1. Electron micrographs of peritoneal macrophages from FV3-infected Xenopus
laevis adults. Peritoneal leukocytes were collected from frogs 2 days subsequent to infection
with 5 x 10° PFU of FV3, processed and visualized under a Hitachi 7650 TEM. (A)
Mononucleated macrophage-like cells with an intracellular pool of FV3 virions (arrow, scale
bar: 2 um). (B) A magnified image of the intracellular macrophage pool of FV3 virions (scale
bar: 200 nm). (C) A macrophage-like cell shedding viral particles (arrow, scale bar: 2 pm). (D)
A magnified image of a virus-shedding macrophage (scale bar: 0.5 um).

In subsequent work, we observed that FV3 infections of adult frogs resulted in increased
recruitment of leukocytes to the peritoneum (sites of FV3 inoculation in these studies) of infected adult
frogs [25]. Of note, a large proportion of these PLs comprised of monocyte-macrophage like cells and
FV3 infections also elicited significantly increased expression of the macrophage pro-inflammatory
genes (TNFa and IL-1P) in the PL populations [25]. Interestingly, while FV3 DNA could be detected
by PCR in PLs of infected frogs up to 21 days post infection, the expression of the FV3 early and late
genes was detected at 6 but not 15 or 21 days post infection [25]. This result suggests that FV3 virions
remain cell-associated within macrophages for an extended period of time after infection. Since the
frog kidney appears to be a central site for FV3 replication, we also examined the persistence and viral
gene expression in this tissue in comparison to peritoneal leukocytes. Viral DNA was detected in
kidneys of some but not all infected animals for up to 14 days post infection, while the viral gene
expression was seen in some, but not all animals up to 9 days post FV3 infection. Conversely, viral
DNA was detected in PLs of some frogs up to 20 days post infection whereas active viral gene
expression was not detected in these immune cells after 6 days [25]. This suggests that FV3 can adopt
an intracellular quiescent state at later times during infection. Together our past and current work
suggests that the frog macrophages are targets of the FV3 infection and possibly serve as reservoirs or
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vehicles of dissemination while also playing a protective role in viral clearance. Indeed, in vitro
infected frog PLs may harbor FV3 DNA without detectable viral gene expression for as long as several
months after infection (unpublished observations). As such X. /laevis monocytic cells may prove to be
an excellent in vitro model for studying viral persistence.

2.3. Macrophage Involvement in Iridovirid Infections of Other Poikilotherms

As emphasized above, there is growing evidence that ranaviruses and in particular FV3 target and
utilize myeloid cells as a part of their infection strategy. It is probable that like many other pathogens,
ranaviruses overcome macrophage-triggered antimicrobial mechanisms, at which point the macrophages
would become agents of dissemination and sources of persistence. Interestingly, an Iridovirus-like
agent has been reported to infect sheatfish kidney macrophages and down-regulate the production of
phorbol myristate acetate-elicited reactive oxygen intermediates in vitro [26]. Likewise, groupers
infected with Taiwan Grouper Iridovirus (TGIV) characteristically exhibited increased numbers of acid
phosphatase positive and highly phagocytic basophilic and eosinophilic cells [27]. These cells
appeared to be monocytic in origin and contained TGIV DNA within the nucleus at early times after
infection [27]. Conversely these cells displayed both nuclear and cytosolic staining for TGIV and lost
phagocytic potentials at later times in the infection (4 days post infection) [27].

Thus, it would appear that not just FV3, but other iridovirids infect phagocytes and alter their
antimicrobial potentials. Further research, using in vitro macrophage infection model systems will
yield a better understanding of and perhaps provide therapeutic strategies against these infectious agents.

3. Innate Immune Responses to Ranaviral Infections
3.1. Antimicrobial Peptide Responses to Ranavirus Infections

Frogs are known to possess a number of skin-derived antimicrobial peptides. Two such peptides,
Esculentin-2P (E2P) and Ranatuerin-2P (R2P), identified in the Rana (Lithobates) pipiens species, are
thought to function by disrupting pathogen membranes [28]. These antimicrobial peptides were
derived from R. pipiens skin and assessed for potential antiviral activity against a channel catfish
herpesvirus (CCV) and FV3 [28]. While mammalian antimicrobial peptides require longer time
durations to confer antimicrobial activity, E2P and R2P inactivated both FV3 and CCV within minutes
(as determined by plaque assays) and were capable of producing these effects at temperatures of 0, 18
and 26 °C, suggesting direct viral inactivation rather than inhibition of viral replication [28]. The broad
temperature range at which they function (0-26 °C) is likely reflective of these peptides being derived
from an ectothermic organism, requiring functionality across a range of temperatures. While CCV is
an enveloped virus, FV3 may infect cells as both enveloped and non-enveloped forms. Interestingly,
both E2P and R2P were capable of 99% inactivation of CCV at a doses of 50 uM while ten times
greater concentrations of each peptide were required to inactivate 90% of FV3 [28]. Presumably the
differences in the antimicrobial peptide concentrations needed to inactivate CCV and FV3 stem from
the fact that in the case of CCV, the essential membrane being disrupted is the outer envelope while
FV3 inhibition might require the disruption of the inner lipid membrane underlining the FV3 capsid,
thus requiring relatively higher concentrations of these antimicrobial peptides.
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3.2. Pro-inflammatory Responses to Iridovirid Infections
3.2.1. Cell Signaling Pathways Induced by Iridovirids

The Singapore Grouper Iridovirus (SGIV) is an increasing economic concern to the grouper
aquacultural industry. This virus encodes 162 putative genes with 62 identified proteins. When a fish
cell line (EAGS) was infected with this virus, activation through phosphorylation of the mitogen
activated protein kinase (MAPK) p38 was observed within an hour of infection and was predominantly
nuclear 24 hours after infection [29]. Conversely, in SGIV-infected EAGS cells, c-Jun N-terminal
kinase (JNK) became phosphorylated 2 hours after infection, suggesting a difference in the kinetics of
the activation of these two MAPKSs in response to infection [29]. Using chemical inhibitors of p38 and
JNK, it was shown that SGIV-induced expression of the pro-inflammatory genes interferon regulatory
factor-1 (IRF-1), interleukin-8 (IL-8) and tumor necrosis factor-alpha (TNFa) were dependent on JNK
signaling while p38 was only responsible for some of the virally induced TNFa gene expression [29].
Interestingly the viral gene expression, protein synthesis and overall titers were not effected by the
MAPK chemical inhibition of infected EAGS cells, suggesting that possibly this virus has evolved to
deal with this elicitation of the pro-inflammatory response. It is difficult to speculate to this effect in
absence of in vivo studies or other in vitro studies using instead immune cells as infection targets.
However, as described below, there is definite evidence suggesting viral induction of pro-inflammatory
gene expression such that of TNFa.

3.2.2. Xenopus Tadpole and Adult Inflammatory Responses to Ranavirus Infections

The immune responses of Xenopus larvae appear to be much less effective at dealing with infections
than those of adult frogs. While adults mount rapid innate immune responses followed by relatively
potent CD8 T cell and humoral responses, resulting in viral clearance [30], tadpoles exhibit poorer
adaptive immune effectors functions, presumably contributing to the observed susceptibility and
mortality of tadpoles seen during FV3 infections [31]. However, there are definite adaptive contributors
governing immune outcomes of FV3 infection of X. /aevis tadpoles and adults [30-32]. As mentioned
above, Xenopus (both tadpole and adult) adaptive immune systems are not as effective as those of
higher vertebrates. The onset of these responses in the context of viral infection would occur
approximately a week after initial inoculation, at which point the virus would be disseminated
throughout the organism. Accordingly it can be argued that components of the innate arm of the
immune response are pivotal in limiting the initial spread of viral infection and likely indispensable to
viral clearance. Despite this, little is known about the roles of innate immunity, especially in X. /aevis
larvae during the early stage of ranaviral infections. Recently our group has embarked on the
characterization of the innate immune responses at early stages of FV3 infections. FV3 infections of
adult frogs elicited rapid increases in the gene expression of pro-inflammatory cytokines such as tumor
necrosis factor alpha (TNF-a) and interleukin-18 (IL-1B) [25], which are known to target macrophage
lineage cells and orchestrate robust innate immune processes. We believe that this infection-elicited
innate immune response plays a critical role in conferring the FV3 resistance observed in X. /aevis adults.

In contrast to adults, X. laevis tadpoles are incapable of clearing FV3 infections and generally
succumb to them within a month of inoculation. Despite this, we have observed a certain degree of
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variability with respect to the larval survival times after FV3 infections, suggesting that the tadpole
immune systems, though less developed than those of adults, might still confer some antiviral
protection (manuscript in review). In a recent effort to better understand the involvement of innate
immune components in Xenopus tadpole responses to FV3, we assessed the kinetics of pro-inflammatory
cytokine gene expression throughout FV3 infection. Our studies focused on examining the expression
of the frog cytokines: TNFa, IL-1fB, interferon gamma (IFNy), and a type I IFN-inducible
Myxovirus-resistance (MX1) during early phases of FV3 infection (manuscript in review). Notably
TNFa and IL-1p are produced in large quantities by macrophage lineage cells [33—39]. Moreover,
these cell types are themselves primary targets of TNFa, IL-1f and IFNy, and their phagocyte
antimicrobial potentials are greatly enhanced upon stimulation with these cytokines [40-—48]. The
involvement of these cytokines in immune responses against viruses has been well documented in
several mammalian and fish species [29,49—-52]. We observed that FV3 infection of tadpoles elicited
relatively modest (10-100 times lower than adults) and delayed (3 days later than adult frogs)
up-regulation of TNFa, IL-1B, IFNy and MX1 genes in peritoneal leukocytes and in infected tissues of
tadpoles. In contrast, the same genes responded more rapidly to heat-killed bacterial stimulation.
Interestingly, tadpoles exhibited significantly greater magnitudes of leukocyte recruitment to the
peritoneum after i.p. inoculations of FV3, as compared to adults (manuscript in review). While this
suggests that the larval susceptibility stems at least in part from poor viral recognition and/or an
ineffective innate immune response, it should be underlined that at the mRNA levels, X. laevis
tadpoles express significantly greater magnitudes of baseline (i.e., constitutive) mRNA levels of TNFa
and IL-1pB, but not IFNy than do adults. This is reminiscent of the expression patterns of these
respective immune genes in bony fish, where TNFa and IL-1B [46,53,54] exhibit high constitutive
expression levels while IFNy expression is lower and requires induction [44,45,55]. In light of this, it
becomes more difficult to make inferences as to the efficacy of tadpole innate responses. Perhaps it is
in the best interest of the frog larvae not to exacerbate already high inflammatory cytokine levels while
the tissue damage resulting from later stages of FV3 infections does just that, resulting in eventual
tadpole mortality from an overactive, rather than an ineffective inflammatory response. As described
above, the mice and rats infected with FV3 succumb to its toxic effects as a result of an excessive
inflammatory response. Undoubtedly, the extremely large doses of FV3 (2 x 104 x 10® plaque
forming units) administered to these animals contributed to these toxic effects. In spite of this, it is
possible that adult frogs possess more effective control mechanisms of their inflammatory responses
than do tadpoles, possibly contributing to the observed susceptibility differences.

It should be underlined that while Xenopus myelopoiesis is poorly understood, there are several
fundamental changes that occur during development that could substantially influence
macrophage-mediated immune responses. Notably, macrophage numbers and functions are dictated by
development, where phagocyte numbers increase in late metamorphosis and subsequently decline [56].
It is becoming more apparent that cells of the macrophage lineage exhibit distinct activation
states [57—60], where tissue-remodeling macrophages such as those predominating during Xenopus
metamorphosis [56], exhibit poor antimicrobial potentials in mammals. Possibly, ranaviruses may rely
on myeloid cells with effective phagocytic potentials (such as tissue remodeling macrophages) but
poor antimicrobial/antiviral functions for persistence and dissemination. This might be reflected in the
susceptibility and resistance to FV3 infections of tadpoles and adults, respectively.
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Interestingly, a subset of tadpole but not adult peritoneal phagocytes, seem to exhibit very vacuolar,
enlarged morphology and distinct Geimsa staining patterns (Figure 2).

Figure 2. Comparison of Xenopus laevis tadpole and adult peritoneal macrophages.
Peritoneal leukocytes were collected from frogs 3 days after elicitation with heat-killed
Escherichia coli. Cells were seeded in and allowed to adhere to bottoms of 24 well plates
for 3 hours. Non-adherent cells were removed, the adherent cells washed and cultured for
further 4 days. Cells were cytospun onto glass slides and Giemsa stained according to
standard protocol. Upper panels represent peritoneal macrophages collected from tadpoles
and lower panels represent peritoneal macrophages derived from adult frogs.

Xenopus laevis tadpole peritoneal phagocytes

Xenopus laevis adult peritoneal phagocytes

Possibly these tadpole phagocytes represent tissue-remodeling alternatively polarized macrophages
that would skew any inflammatory response to a viral infection. Furthermore, while MHC class 11
expression is present throughout frog development, MHC class I is not detected until the climax of
metamorphosis [61]. Thus, immune surveillance and detection of any infected macrophages in
pre-metamorphic animals would be considerably less efficient, underlining another potential ranaviral
infection strategy. Consistent with this possibility, we recently found that larval PLs appear to be less
resistant to FV3 infection than adult PLs (manuscript in review). This was determined by
immunofluorescence microscopy using a rabbit polyclonal antibody specifically recognizing 53R, a
putative 54.7-kDa myristoylated viral protein that is critical for FV3 replication. On average there were
twice as many infected PLs stained by the anti-53R antibody in larvae than in adults. In addition, the
wider staining pattern and higher signal intensity in larval PLs suggests that, compared to adult PLs,
the viral load is higher (Figure 3 B, C and A, respectively).

We believe that further FV3 infection studies in this model organism will reveal, not only the
biological mechanisms governing animal susceptibility and resistance, but also elucidate the
underlining immune regulation strategies across developing animals.
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Figure 3. Comparison of Xenopus laevis tadpole and adult peritoneal macrophages
infected by FV3. Peritoneal leukocytes were collected from one adult (A) or from 10
pooled pre-metamorphic tadpoles (B and C) 2 days after FV3 infection by intraperitoneal
injection. Cells were fixed, stained with a rabbit anti-53R (green) and DNA dye Hoechst-
33258 (blue), then mounted in anti-fade medium and visualized with a Leica DMIRB
inverted fluorescence microscope.

4. Ranavirus Immune Evasion Mechanism

Ranaviruses possess large DNA genomes encoding between approximately 100 to 140 putative
gene products. Although many of these genes encode proteins that play indispensible roles in viral
replication and virion morphogenesis, it is hypothesized that other gene products encode proteins that
expand host ranges or permit replication in certain cell types (i.e., host range or efficiency functions)
whereas still others counteract the host immune responses (viral immune evasion proteins). Gene
products in the former category are absolutely required for replication in vitro, whereas products in the
latter two categories may only be required in certain types of cells or for growth in vivo. While much
remains to be learned about the functions of ranavirus gene products, recent studies have given new
perspectives on the complexities of ranavirus-host interaction.

4.1. Antiviral Properties of Eukaryotic PKR

Protein kinase R, also known as EIF20K2 [62], was initially identified as a regulator of antiviral
responses through protein synthesis studies in cell-free lysates from type I IFN and dsRNA treated
cells [63]. This enzyme is part of a small family of protein kinases that respond to environmental
stressors by regulating cellular protein synthesis through the phosphorylation of the alpha subunit of
eukaryotic translational initiation factor 2 (elF2a) [63]. Phosphorylation of the a subunit of elF-2
blocks its ability to exchange GDP for GTP and results in the inhibition of protein synthesis at the
level of initiation. The N-terminal domain of PKR functions as a steric inhibitor, and as a result PKR is
predominantly found as an inactive monomeric state, unable to phosphorylate elF2a [64]. However, in
response to cellular activation and/or the presence of viral (or synthetic) dSRNA, PKR dimerizes and is
activated by autophosphorylation. Activated PKR subsequently phosphorylates elF-2a resulting in the
inhibition of translation [65,66]. Since elF2a is a key component of cellular translational machinery,
its phosphorylation and hence inactivation establishes a state of cellular translation arrest, thus
preventing cell proliferation and the synthesis of cellular and viral proteins. Furthermore, the
PKR-mediated inactivation of this cellular translation factor may facilitate the apoptotic death of the
infected cells [67], effectively eliminating the infecting agents. Despite this cellular checkpoint, many
viruses have adopted mechanisms to subvert and/or overcome this translational block (reviewed in

[68]).
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4.2. Ranavirus PKR Inhibitors

Several members of the genus Ranavirus encode viral homologs that are pseudosubstrates
(i.e., decoy versions) of elF-2a [69]. Viral homologs of this cellular translation factor have been cloned
and sequenced from several ranaviruses including the Epizootic Haematopoietic Necrosis virus
(EHNV) and the Rana catesbeiana virus (RCV) [69]. The nucleotide and putative amino acid
sequences of these molecules share high identity with el[F2a homologs of poxviruses (designated K3L
in vaccinia virus) and cellular e[F2a from species normally infected by these pathogens [69]. Sequence
identity is marked within the N-terminal 90 amino acids of K3L, ranavirus vIF-2a, and cellular elF-2a
[69,72]. Surprisingly sequence analysis of our isolate of FV3 and that of a ranavirus isolated from
softshell turtles (STIV) indicates that these isolates encode a truncated version of vIF-2a that is
missing the N-terminal end of the gene, but retains the C-terminal two-thirds of the molecule [70]. To
ascertain the function of vIF-2a, others and we have generated knock out mutants lacking this gene.
The first attempt at determining the function of vIF-2a utilized
Ambystoma tigrinum virus (ATV), a highly pathogenic ranavirus isolated from the tiger salamander
[6]. Like EHNV and RCV, ATV encodes full-length homolog of elF2a, designated vIF-2a [6]. The
gene encoding VIF-2a (ORF57R) was deleted from ATV genome using homologous recombination
and replaced with a selectable marker [6]. Compared to wild type ATV, the ATVAS57R recombinant
failed to inhibit the phosphorylation of host cell elF2a, [6]. Moreover, the knock out virus was
substantially more susceptible to PKR induction by the double stranded RNA analog, poly I:C [6].
Furthermore, when fathead minnow cells were infected with the wild type ATV, elF2a
phosphorylation was inhibited and correlated with the virus-induced degradation of the fish PKR-
related enzyme, PKZ. Conversely, FHM cells infected with the A57R ATV displayed elF2a
phosphorylation, presumably due to the presence of a functional elF-2a kinase [6].

In order to target putative FV3 virulence genes, our group has recently generated three recombinant
viruses using improved site-specific-integration knock-out techniques [70]. One of these target genes
was the truncated version of vIF-2a found in FV3 as we wished to see whether this protein, which
retained the C-terminal end of the full-length molecule played any roles in viral replication.
FV3AvIF2a replicated as well as wt FV3 in cell culture. The FV3AvIF2a replicated as well as wild
type FV3 in cell culture. However, FV3AvIF2a exhibited impaired replication and lower mortality in
infected X. laevis tadpoles as compared to wild type virus and a “knock in” control recombinant,
expressing green fluorescent protein (FV3/GFP) [70]. This result suggests that the C-terminal end of
the FV3 vIF-2a also plays an important role in vivo, underlining the importance of the FV3 vIF2a
homolog in effective infections.

The ranavirus Rana (Lithobates) catesteiana Virus Z (RCV-Z) also encodes a viral homolog of the
host elF2a, which shares identity with the cellular factor in the S1 helical and the C- terminal
domains [71]. Moreover, RCV-Z vIF2a abrogates the toxic effects of the human and the zebrafish
PKR enzymes in a yeast system [71]. This vIF2a appears to act as a pseudo-substrate and inhibits both
the zebrafish and human PKR enzymes. Analysis of vIF-2a deletion constructs showed that both the
N-terminal and the helical domains of the vIF2a were sufficient for the PKR inhibition, while the
C-terminus of this viral protein was dispensable for these functions [71].
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Notably, poxviruses also utilize viral homologs of elF-2a that act as decoy substrates and prevent
PKR phosphorylation. For example, the vaccinia virus gene product, K3L serves as a PKR pseudo-
substrate and blocks PKR-mediated translational arrest. As described above, it seems that the viral
pathogens of ectotherms such as those of the family Iridoviridae have also effectively adapted this
strategy. It is surprising that FV3 vIF-2a is missing the N-terminal region homologous to vaccinia K3L
and cellular elF-2a and yet effectively synthesizes viral proteins in the face of a nearly complete
inhibition of host protein synthesis. The ability of FV3 to maintain viral protein synthesis in the
absence of a full-length vIF-2a gene product suggests that FV3 has an alternative way of blocking the
activation of PKR, perhaps through a E3L-like protein. Further studies of the functions of ranavirus
VIF-2a proteins will provide a broader and more thorough understanding of viral evasion strategies as
well as the cellular pressures and responses dictating viral replication and infection strategies.

4.3. Ranavirus Virulence Determinants

As we have emphasized throughout this review, ranaviruses are complex pathogens that co-evolved
with their ectothermic vertebrate hosts and as such, have undoubtedly developed numerous immune
evasion and host persistence strategies. In fact, recent evidence suggests that ranaviruses can adapt and
co-evolve relatively rapidly in new hosts [7]. Members of the ranavirus family possess large double
stranded DNA genomes that contain as many as 100 open reading frames or putative genes, the
products of most of which share no known viral or eukaryotic homologs. In a recent effort, investigators
have employed a number of state-of-the art molecular techniques in order to gain a better understanding
of the roles of these genes and gene-products in ranaviral infections and immune-evasion.

FV3 serves as a great example of the complexity of this viral family, possessing a 105 kilobase pair
genome and 98 putative open reading frames. Microarray analysis has recently been employed to map
the temporal regulation of the FV3 genes through the course of infection and assign respective genes
as immediate early (IE), delayed early (DE) and late (L) in accordance with their temporal involvement
in infection progression [72]. This was achieved by first doing analysis of productive replication 2, 4
and 9 hours post infection and then utilizing cyclohexamide to block de novo protein synthesis and
confirm the IE genes [72]. This work outlined the presence of some 33 IE and 22 DE genes, with
putative roles in transcriptional regulation and DNA/ RNA synthesis as well 36 L genes, thought to
play roles in DNA packaging and virion assembly. A further 7 genes could not be classified using
these methods, and await further characterization using different approaches, perhaps using distinct
cell types. Five of these FV3 genes were subsequently selected for anti-sense morpholino and siRNA
knockdown studies [73]. By these means two IE genes, 46K and 32R were shown to be indispensable
to in vitro FV3 replication in a fish cell line (FHM) [73]. Furthermore, it was determined that the genes
encoding the major capsid protein, a large subunit of the viral RNA Polymerase II and a viral DNA
methyltransferase were also all essential to the viral replication and infectivity in FHM cultures [73].

5. Concluding Remarks

Much remains to be learned regarding ranavirus gene regulation, cell invasion, the virus life cycle
and immune evasion strategies. It is clear from the information presented here that there are definite
gaps that must be bridged between what is currently known about the immune responses to these



Viruses 2012, 4 1087

viruses, the viral infection strategies and the specifics of the mechanisms by which these pathogens so
efficiently infiltrate hosts and even cross species barriers. These infectious agents encode an
unprecedented number of putative gene products, several of which represent not only potential
virulence factors but also the means to better understand both immune evasion strategies and the immune
functions being manipulated. Ultimately, the study of ranaviruses in the context of their host immune
systems holds the promise of providing insight into the pressures governing the evolution of both the
viral invasion strategies as well as the host immune countermeasures.

Acknowledgements

LG would like to thank the National Science and Engineering Council of Canada for a PDF
Scholarship. Research support: 2 R24 Al 059830-06 from the NIH, and 10S-0923772 and
10S-0742711 from the NSF.

Conflict of Interest
The authors declare no conflict of interest.

References

1. Stuart, S.N.; Chanson, J.S.; Cox, N.A.; Young, B.E.; Rodrigues, A.S.; Fischman, D.L.;
Waller, R.W. Status and trends of amphibian declines and extinctions worldwide. Science 2004,
306, 1783—-1786.

2. Collins, J.P. Amphibian decline and extinction: What we know and what we need to learn.
Dis. Aquat. Organ. 2010, 92, 93-99.

3. Daszak, P.; Berger, L.; Cunningham, A.A.; Hyatt, A.D.; Green, D.E.; Speare, R. Emerging
infectious diseases and amphibian population declines. Emerg. Infect. Dis. 1999, 5, 735-748.

4. Green, D.E.; Converse, K.A.; Schrader, A.K. Epizootiology of sixty-four amphibian morbidity
and mortality events in the USA, 1996-2001. Ann. N. Y. Acad. Sci. 2002, 969, 323-339.

5. Gray, M.J.; Miller, D.L.; Hoverman, J.T. Ecology and pathology of amphibian ranaviruses.
Dis. Aquat. Organ. 2009, 87, 243-266.

6. Jancovich, J.K.; Jacobs, B.L. Innate immune evasion mediated by the Ambystoma tigrinum virus
eukaryotic translation initiation factor 2alpha homologue. J. Virol. 2011, 85, 5061-5069.

7. Chinchar, V.G.; Hyatt, A.; Miyazaki, T.; Williams, T. Family iridoviridae: Poor viral relations no
longer. Curr. Top. Microbiol. Immunol. 2009, 328, 123-170.

8. Robert, J.; Ohta, Y. Comparative and developmental study of the immune system in Xenopus.
Dev. Dyn. 2009, 238, 1249-1270.

9. Gordon, S.; Martinez, F.O. Alternative activation of macrophages: Mechanism and functions.
Immunity 2010, 32, 593-604.

10. Coiras, M.; Lopez-Huertas, M.R.; Perez-Olmeda, M.; Alcami, J. Understanding HIV-1 latency
provides clues for the eradication of long-term reservoirs. Nat. Rev. Microbiol. 2009, 7, 798—812.



Viruses 2012, 4 1088

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Gousset, K.; Ablan, S.D.; Coren, L.V.; Ono, A.; Soheilian, F.; Nagashima, K.; Ott, D.E.;
Freed, E.O. Real-time visualization of HIV-1 GAG trafficking in infected macrophages.
PLoS Pathog. 2008, 4, doi:10.1371/journal.ppat.1000015.

Groot, F.; Welsch, S.; Sattentau, Q.J. Efficient HIV-1 transmission from macrophages to T cells
across transient virological synapses. Blood 2008, 111, 4660—4663.

Kawai, T.; Akira, S. Antiviral signaling through pattern recognition receptors. J. Biochem. 2007,
141, 137-145.

Kawai, T.; Akira, S. SnapShot: Pattern-recognition receptors. Cell 2007, 129,
doi:10.1016/j.cell.2007.05.017.

Thompson, A.J.; Locarnini, S.A. Toll-like receptors, RIG-I-like RNA helicases and the antiviral
innate immune response. Immunol. Cell. Biol. 2007, 85, 435—445.

Gut, J.P.; Anton, M.; Bingen, A.; Vetter, J.M.; Kirn, A. Frog virus 3 induces a fatal hepatitis in
rats. Lab. Invest. 1981, 45, 218-228.

Kirn, A.; Bingen, A.; Steffan, A.M.; Wild, M.T.; Keller, F.; Cinqualbre, J. Endocytic capacities of
Kupffer cells isolated from the human adult liver. Hepatology 1982, 2, 216-222.

Kirn, A.; Steffan, A.M.; Bingen, A. Inhibition of erythrophagocytosis by cultured rat Kupfter cells
infected with frog virus 3. J. Reticuloendothel. Soc. 1980, 28, 381-388.

Hagmann, W.; Steffan, A.M.; Kirn, A.; Keppler, D. Leukotrienes as mediators in frog virus
3-induced hepatitis in rats. Hepatology 1987, 7, 732-736.

Aubertin, A.M.; Hirth, C.; Travo, C.; Nonnenmacher, H.; Kirn, A. Preparation and properties of
an inhibitory extract from frog virus 3 particles. J. Virol. 1973, 11, 694-701.

Gendrault, J.L.; Steffan, A.M.; Bingen, A.; Kirn, A. Penetration and uncoating of frog virus 3
(FV3) in cultured rat Kupfter cells. Virology 1981, 112, 375-384.

Elharrar, M.; Hirth, C.; Blanc, J.; Kirn, A. Pathogenesis of the toxic hepatitis of mice provoked by
FV3 (frog virus 3): Inhibition of the liver macromolecular synthesis. Biochem. Biophys. Acta.
1973, 319, 91-102.

Kirn, A.; Gut, J.P.; Elharrar, M. FV3 (Frog Virus 3) toxicity for the mouse. Nouv. Presse. Med.
1972, 1, 19-43.

Robert, J.; Abramowitz, L.; Gantress, J.; Morales, H.D. Xenopus laevis: A possible vector of
Ranavirus infection? J. Wildl. Dis. 2007, 43, 645-652.

Morales, H.D.; Abramowitz, L.; Gertz, J.; Sowa, J.; Vogel, A.; Robert, J. Innate immune
responses and permissiveness to ranavirus infection of peritoneal leukocytes in the frog Xenopus
laevis. J. Virol. 2010, 84, 4912—4922.

Siwicki, A.K.; Pozet, F.; Morand, M.; Volatier, C.; Terech-Majewska, E. Effects of iridovirus-like
agent on the cell-mediated immunity in sheatfish (Silurus glanis)—An in vitro study. Virus. Res.
1999, 63, 115-119.

Chao, C.B.; Chen, C.Y.; Lai, Y.Y.; Lin, C.S.; Huang, H.T. Histological, ultrastructural, and in situ
hybridization study on enlarged cells in grouper Epinephelus hybrids infected by grouper
iridovirus in Taiwan (TGIV). Dis. Aquat. Organ. 2004, 58, 127-142.

Chinchar, V.G.; Wang, J.; Murti, G.; Carey, C.; Rollins-Smith, L. Inactivation of frog virus 3 and
channel catfish virus by esculentin-2P and ranatuerin-2P, two antimicrobial peptides isolated from
frog skin. Virology 2001, 288, 351-357.



Viruses 2012, 4 1089

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Huang, X.; Huang, Y.; Ouyang, Z.; Cai, J.; Yan, Y.; Qin, Q. Roles of stress-activated protein
kinases in the replication of Singapore grouper iridovirus and regulation of the inflammatory
responses in grouper cells. J. Gen. Virol. 2010, 92, 1292—-1301.

Maniero, G.D.; Morales, H.; Gantress, J.; Robert, J. Generation of a long-lasting, protective, and
neutralizing antibody response to the ranavirus FV3 by the frog Xenopus. Dev. Comp. Immunol.
20006, 30, 649—-657.

Gantress, J.; Maniero, G.D.; Cohen, N.; Robert, J. Development and characterization of a model
system to study amphibian immune responses to iridoviruses. Virology 2003, 311, 254-262.
Morales, H.D.; Robert, J. Characterization of primary and memory CD8 T-cell responses against
ranavirus (FV3) in Xenopus laevis. J. Virol. 2007, 81, 2240-2248.

Cuthbertson, R.A.; Lang, R.A.; Coghlan, J.P. Macrophage products IL-1 alpha, TNF alpha and
bFGF may mediate multiple cytopathic effects in the developing eyes of GM-CSF transgenic
mice. Exp. Eye Res. 1990, 51, 335-344.

Ferreri, N.R.; Millet, I.; Paliwal, V.; Herzog, W.; Solomon, D.; Ramabhadran, R.; Askenase, P.W.
Induction of macrophage TNF alpha, IL-1, IL-6, and PGE2 production by DTH-initiating factors.
Cell. Immunol. 1991, 137, 389-405.

Itoh, A.; lizuka, K.; Natori, S. Induction of TNF-like factor by murine macrophage-like cell line
J774.1 on treatment with Sarcophaga lectin. FEBS Lett. 1984, 175, 59-62.

Liew, F.Y.; Li, Y.; Millott, S. Tumour necrosis factor (TNF-alpha) in leishmaniasis. II.
TNF-alpha-induced macrophage leishmanicidal activity is mediated by nitric oxide from
L-arginine. Immunology 1990, 71, 556-559.

McMasters, K.M.; Cheadle, W.G. Regulation of macrophage TNF alpha, IL-1 beta, and Ia (I-A
alpha) mRNA expression during peritonitis is site dependent. J. Surg. Res. 1993, 54, 426—430.
Myers, M.J.; Pullen, J.K.; Ghildyal, N.; Eustis-Turf, E.; Schook, L.B. Regulation of IL-1 and
TNF-alpha expression during the differentiation of bone marrow derived macrophage.
J. Immunol. 1989, 142, 153—-160.

Shimoda, O.; Takeda, Y.; Woo, H.J.; Shimada, S.; Higuchi, M.; Osawa, T. A human macrophage
hybridoma producing a cytotoxic factor distinct from TNF, LT, and IL-1. Cancer Immunol.
Immunother. 1988, 26, 101-108.

Cassatella, M.A.; Bazzoni, F.; Flynn, R.M.; Dusi, S.; Trinchieri, G.; Rossi, F. Molecular basis of
interferon-gamma and lipopolysaccharide enhancement of phagocyte respiratory burst capability.
Studies on the gene expression of several NADPH oxidase components. J. Biol. Chem. 1990, 265,
20241-20246.

Cassatella, M.A.; Cappelli, R.; Della Bianca, V.; Grzeskowiak, M.; Dusi, S.; Berton, G.
Interferon-gamma activates human neutrophil oxygen metabolism and exocytosis. Immunology
1988, 63, 499-506.

Corradin, S.B.; Buchmuller-Rouiller, Y.; Mauel, J. Phagocytosis enhances murine macrophage
activation by interferon-gamma and tumor necrosis factor-alpha. Eur. J. Immunol. 1991, 21,
2553-2558.

Fremond, C.M.; Togbe, D.; Doz, E.; Rose, S.; Vasseur, V.; Maillet, I.; Jacobs, M.; Ryffel, B.;
Quesniaux, V.F. IL-1 receptor-mediated signal is an essential component of MyD88-dependent
innate response to Mycobacterium tuberculosis infection. J. Immunol. 2007, 179, 1178-1189.



Viruses 2012, 4 1090

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Grayfer, L.; Belosevic, M. Molecular characterization, expression and functional analysis of
goldfish (Carassius auratus L.) interferon gamma. Dev. Comp. Immunol. 2009, 33, 235-246.
Grayfer, L.; Garcia, E.G.; Belosevic, M. Comparison of macrophage antimicrobial responses
induced by type II interferons of the goldfish (Carassius auratus L.). J. Biol. Chem. 2010, 285,
23537-23547.

Grayfer, L.; Walsh, J.G.; Belosevic, M. Characterization and functional analysis of goldfish
(Carassius auratus L.) tumor necrosis factor-alpha. Dev. Comp. Immunol. 2008, 32, 532—-543.
Ishibe, K.; Yamanishi, T.; Wang, Y.; Osatomi, K.; Hara, K.; Kanai, K.; Yamaguchi, K.; Oda, T.
Comparative analysis of the production of nitric oxide (NO) and tumor necrosis factor-alpha
(TNF-alpha) from macrophages exposed to high virulent and low virulent strains of Edwardsiella
tarda. Fish. Shellfish. Immunol. 2009, 27, 386—389.

Nathan, C.F.; Murray, H.W.; Wiebe, M.E.; Rubin, B.Y. Identification of interferon-gamma as the
lymphokine that activates human macrophage oxidative metabolism and antimicrobial activity.
J. Exp. Med. 1983, 158, 670—689.

Ordas, M.C.; Costa, M.M.; Roca, F.J.; Lopez-Castejon, G.; Mulero, V.; Meseguer, J.; Figueras, A.;
Novoa, B. Turbot TNFalpha gene: Molecular characterization and biological activity of the
recombinant protein. Mol. Immunol. 2007, 44, 389—400.

Purcell, M.K.; Kurath, G.; Garver, K.A.; Herwig, R.P.; Winton, J.R. Quantitative expression
profiling of immune response genes in rainbow trout following infectious haematopoietic necrosis
virus (IHNV) infection or DNA vaccination. Fish Shellfish Immunol. 2004, 17, 447-462.

Purcell, M.K.; Nichols, K.M.; Winton, J.R.; Kurath, G.; Thorgaard, G.H.; Wheeler, P.;
Hansen, J.D.; Herwig, R.P.; Park, L.K. Comprehensive gene expression profiling following DNA
vaccination of rainbow trout against infectious hematopoietic necrosis virus. Mol. Immunol. 2006,
43,2089-2106.

Xiao, J.; Zhou, Z.C.; Chen, C.; Huo, W.L.; Yin, Z.X.; Weng, S.P.; Chan, S.M.; Yu, X.Q.; He, J.G.
Tumor necrosis factor-alpha gene from mandarin fish, Siniperca chuatsi: Molecular cloning,
cytotoxicity analysis and expression profile. Mol. Immunol. 2007, 44, 3615-3622.

Bird, S.; Wang, T.; Zou, J.; Cunningham, C.; Secombes, C.J. The first cytokine sequence within
cartilaginous fish: IL-1 beta in the small spotted catshark (Scyliorhinus canicula). J. Immunol.
2002, 168, 3329-3340.

Hirono, I.; Nam, B.H.; Kurobe, T.; Aoki, T. Molecular cloning, characterization, and expression
of TNF ¢cDNA and gene from Japanese flounder Paralychthys olivaceus. J. Immunol. 2000, 1635,
4423-44217.

Igawa, D.; Sakai, M.; Savan, R. An unexpected discovery of two interferon gamma-like genes
along with interleukin (IL)-22 and -26 from teleost: IL-22 and -26 genes have been described for
the first time outside mammals. Mol. Immunol. 2006, 43, 999—1009.

Nishikawa, A.; Murata, E.; Akita, M.; Kaneko, K.; Moriya, O.; Tomita, M.; Hayashi, H. Roles of
macrophages in programmed cell death and remodeling of tail and body muscle of Xenopus laevis
during metamorphosis. Histochem. Cell Biol. 1998, 109, 11-17.

Auffray, C.; Fogg, D.; Garfa, M.; Elain, G.; Join-Lambert, O.; Kayal, S.; Sarnacki, S.; Cumano, A.;
Lauvau, G.; Geissmann, F. Monitoring of blood vessels and tissues by a population of monocytes
with patrolling behavior. Science 2007, 317, 666—670.



Viruses 2012, 4 1091

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Nahrendorf, M.; Swirski, F.K.; Aikawa, E.; Stangenberg, L.; Wurdinger, T.; Figueiredo, J.L.;
Libby, P.; Weissleder, R.; Pittet, M.J. The healing myocardium sequentially mobilizes two
monocyte subsets with divergent and complementary functions. J. Exp. Med. 2007, 204,
3037-3047.

Zhao, C.; Zhang, H.; Wong, W.C.; Sem, X.; Han, H.; Ong, S.M.; Tan, Y.C.; Yeap, W.H.; Gan, C.S.;
Ng, K.Q. et al. Identification of novel functional differences in monocyte subsets using proteomic
and transcriptomic methods. J. Proteome Res. 2009, 8, 4028—4038.

Ziegler-Heitbrock, L. The CD14+ CDI16+ blood monocytes: Their role in infection and
inflammation. J. Leukoc. Biol. 2007, 81, 584-592.

Flajnik, M.F.; Kaufman, J.F.; Hsu, E.; Manes, M.; Parisot, R.; Du Pasquier, L. Major
histocompatibility complex-encoded class I molecules are absent in immunologically competent
Xenopus before metamorphosis. J. Immunol. 1986, 137, 3891-3899.

Kerr, I.M.; Brown, R.E.; Hovanessian, A.G. Nature of inhibitor of cell-free protein synthesis
formed in response to interferon and double-stranded RNA. Nature 1977, 268, 540-542.

Meurs, E.; Chong, K.; Galabru, J.; Thomas, N.S.; Kerr, . M.; Williams, B.R.; Hovanessian, A.G.
Molecular cloning and characterization of the human double-stranded RNA-activated protein
kinase induced by interferon. Cel/l 1990, 62, 379—-390.

Roberts, W.K.; Hovanessian, A.; Brown, R.E.; Clemens, M.J.; Kerr, .M. Interferon-mediated
protein kinase and low-molecular-weight inhibitor of protein synthesis. Nature 1976, 264, 477-480.

George, C.X.; Thomis, D.C.; McCormack, S.J.; Svahn, C.M.; Samuel, C.E. Characterization of
the heparin-mediated activation of PKR, the interferon-inducible RNA-dependent protein kinase.
Virology 1996, 221, 180—188.

Ruvolo, P.P.; Gao, F.; Blalock, W.L.; Deng, X.; May, W.S. Ceramide regulates protein synthesis
by a novel mechanism involving the cellular PKR activator RAX. J. Biol. Chem. 2001,
276, 11754—11758.

Gil, J.; Alcami, J.; Esteban, M. Induction of apoptosis by double-stranded-RNA-dependent
protein kinase (PKR) involves the alpha subunit of eukaryotic translation initiation factor 2 and
NF-kappaB. Mol. Cell. Biol. 1999, 19, 4653-4663.

Langland, J.O.; Cameron, J.M.; Heck, M.C.; Jancovich, J.K.; Jacobs, B.L. Inhibition of PKR by
RNA and DNA viruses. Virus. Res. 2006, 119, 100-110.

Essbauer, S.; Bremont, M.; Ahne, W. Comparison of the elF-2alpha homologous proteins of
seven ranaviruses ([ridoviridae). Virus Genes 2001, 23, 347-359.

Chen, G.; Ward, B.M.; Yu, K.H.; Chinchar, V.G.; Robert, J. Improved knockout methodology
reveals that frog virus 3 mutants lacking either the 18K immediate-early gene or the truncated
vIF-2alpha gene are defective for replication and growth in vivo. J. Virol. 2011, 85, 11131-11138.

Rothenburg, S.; Chinchar, V.G.; Dever, T.E. Characterization of a ranavirus inhibitor of the
antiviral protein kinase PKR. BMC Microbiol. 2011, 11, doi:10.1186/1471-2180-11-56.

Majji, S.; Thodima, V.; Sample, R.; Whitley, D.; Deng, Y.; Mao, J.; Chinchar, V.G. Transcriptome
analysis of Frog virus 3, the type species of the genus Ranavirus, family Iridoviridae. Virology
2009, 391, 293-303.



Viruses 2012, 4 1092

73. Whitley, D.S.; Sample, R.C.; Sinning, A.R.; Henegar, J.; Chinchar, V.G. Antisense approaches for
elucidating ranavirus gene function in an infected fish cell line. Dev. Comp. Immunol. 2011, 35,
937-948.

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



	2. The Role of Myeloid Cells in Ranaviral Infections
	3. Innate Immune Responses to Ranaviral Infections
	4. Ranavirus Immune Evasion Mechanism
	5. Concluding Remarks
	Acknowledgements
	Conflict of Interest
	References

