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ABSTRACT Many enveloped viruses cause devastating disease in aquaculture, result-
ing in significant economic impact. LJ001 is a broad-spectrum antiviral compound
that inhibits enveloped virus infections by specifically targeting phospholipids in the
lipid bilayer via the production of singlet oxygen (1O2). This stabilizes positive curva-
ture and decreases membrane fluidity, which inhibits virus-cell membrane fusion
during viral entry. Based on data from previous mammalian studies and the require-
ment of light for the activation of LJ001, we hypothesized that LJ001 may be useful
as a preventative and/or therapeutic agent for infections by enveloped viruses in
aquaculture. Here, we report that LJ001 was more stable with a prolonged inhibitory
half-life at relevant aquaculture temperatures (15°C), than in mammalian studies at
37°C. When LJ001 was preincubated with our model virus, infectious hematopoietic
necrosis virus (IHNV), infectivity was significantly inhibited in vitro (using the epitheli-
oma papulosum cyprini [EPC] fish cell line) and in vivo (using rainbow trout fry) in a
dose-dependent and time-dependent manner. While horizontal transmission of IHNV
in a static cohabitation challenge model was reduced by LJ001, transmission was
not completely blocked at established antiviral doses. Therefore, LJ001 may be best
suited as a therapeutic for aquaculture settings that include viral infections with
lower virus-shedding rates than IHNV or where higher viral titers are required to ini-
tiate infection of naive fish. Importantly, our data also suggest that LJ001-inactivated
IHNV elicited an innate immune response in the rainbow trout host, making LJ001
potentially useful for future vaccination approaches.

IMPORTANCE Viral diseases in aquaculture are challenging because there are few
preventative measures and/or treatments. Broad-spectrum antivirals are highly
sought after and studied because they target common components of viruses. In
our studies, we used LJ001, a broad-spectrum antiviral compound that specifically
inhibits enveloped viruses. We used the fish rhabdovirus infectious hematopoietic
necrosis virus (IHNV) as a model to study aquatic enveloped virus diseases and their
inhibition. We demonstrated inhibition of IHNV by LJ001 both in cell culture as well
as in live fish. Additionally, we showed that LJ001 inhibited the transmission of IHNV
from infected fish to healthy fish, which lays the groundwork for using LJ001 as a
possible therapeutic for aquatic viruses. Our results also suggest that virus inacti-
vated by LJ001 induces an immune response, showing potential for future preventa-
tive (e.g., vaccine) applications.
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Aquaculture is considered the fastest-growing food-producing sector, increasing at
an average annual rate of 6.1%, from 36.8 million tons in 2002 to 66.6 million tons

in 2012 (1). Aquaculture is estimated to account for more than 30% of the world’s food
fish, and this is projected to increase to 50% by 2030 (2). As fish and shellfish demands
increase, it is critical to reduce losses from diseases that economically devastate the
aquaculture industry. Viral pathogens, in particular, are challenging since there are few
efficacious treatments or preventatives (3). A number of viruses are associated with
significant economic losses for the aquaculture industry, including 11 enveloped
viruses that cause diseases so severe that they are reportable to the World Organization
for Animal Health (OIE) according to the 2016 aquatic animal health code (http://
www.oie.int/en/). Examples of OIE-reportable viruses include infectious hematopoietic
necrosis virus (IHNV) in the trout industry (4, 5), salmonid alphavirus in the salmon
industry (3, 5), spring viremia of carp virus (SVCV) in the koi and carp industries (5, 6),
and white spot syndrome virus (WSSV) in the shrimp industry (7, 8).

We used IHNV as a model to evaluate the broad-spectrum antiviral LJ001 for
potential use in aquaculture. IHNV belongs to the family Rhabdoviridae and genus
Novirhabdovirus (http://ictvonline.org/virusTaxonomy.asp) and infects a range of sal-
monid fish species (9) in addition to some nonsalmonid fish species (demonstrated
experimentally) (10, 11). IHNV is an enveloped, bullet-shaped RNA virus encoding a
negative-sense, single-stranded genome. The virus is enzootic in river systems through-
out western North America and has spread to Asia and Europe, likely by movement of
infected fish and eggs (12). Fry are typically most susceptible to disease, with cumu-
lative mortality rates reported to be as high as 90 to 95% during epizootic outbreaks.
Horizontal transmission of IHNV occurs when the virus is shed in feces, urine, sexual
fluids, and external mucus (13), and the virus can survive in freshwater for up to 7 weeks
(14). The only licensed vaccine is a DNA vaccine that encodes the IHNV glycoprotein (2,
15, 16) and is delivered by intramuscular injection. The vaccine elicits both early,
nonspecific, and cross-protective antiviral immunity mediated by interferon as well as
a long-term, specific adaptive response (17) and is considered effective (18). However,
the vaccine can be cost-prohibitive and has delivery constraints (19), which makes it
impractical for large numbers of susceptible fry. There is still a significant problem with
many aquatic enveloped viruses, including IHNV, and new therapy options are needed.

A novel small-molecule antiviral rhodanine derivative, LJ001, has been shown to
inhibit infections by numerous enveloped viruses at micromolar concentrations, with
no effect on nonenveloped viruses (20). The antiviral activity of LJ001 is light dependent
and requires the presence of molecular oxygen. The mechanism of action for LJ001 is
based on the production of singlet oxygen (1O2) molecules that modify phospholipids
in the lipid bilayer, which results in the stabilization of positive spontaneous curvature,
decreased membrane fluidity, and, ultimately, inhibition of virus-cell membrane fusion
and viral entry (21). Unlike viruses, host cells possess a “biogenic” membrane that
actively repairs its defects by lipid synthesis and replacement (22). In contrast, the
host-derived viral envelope cannot be repaired and is a susceptible target for LJ001. It
has been suggested that there is limited opportunity for viruses to evolve resistance to
LJ001 based on its mechanism of action and specific target of the membrane envelope
(20). LJ001 has been shown to have no overt toxicity in Vero cells or mouse models at
effective antiviral doses (up to 10 �M), but as predicted, toxicity can be induced in the
presence of the fatty acid synthesis inhibitor 5-(tetradecyloxy)-2-furoic acid (TOFA) (20).

The use of LJ001 in mammalian models is impractical due to a reported biological
half-life of �4 h at 37°C (20) and a lack of exposure to light in most tissues to activate
the compound in vivo. Aquaculture environments are unique because pathogens,
including IHNV, are transmitted through water, which is transparent to light. In this
study, we determined that IHNV infection and horizontal transmission were inhibited
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by LJ001 and that LJ001 had a prolonged inhibitory half-life in aquaculture environ-
ments. We also preliminarily investigated the ability of LJ001-inactivated IHNV to
induce an innate immune response in the rainbow trout host.

RESULTS
LJ001 is not cytotoxic at antiviral concentrations. We first evaluated the potential

cytotoxicity of LJ001 via in vitro experiments in fish-derived epithelioma papulosum
cyprini (EPC) cells. Microscopically, there were no changes in cellular morphology or
growth at LJ001 concentrations of up to 10 �M for up to 7 days. Additionally, cell
viability was quantitatively assessed by using a cell counting kit (CCK-8), which is based
on dehydrogenase enzyme activity. EPC cells were exposed to increasing concentra-
tions of LJ001, and no cytotoxicity was evident with up to 7 days of exposure to 10 �M
LJ001 (Fig. 1A). Cytotoxicity was reached at 7 days of exposure to 20 �M LJ001 (P �

0.001) and at all time points when cells were exposed to 50 �M LJ001. There was no
cytotoxicity of the vehicle control (dimethyl sulfoxide [DMSO]) at concentrations of up
to 0.1%, but cytotoxicity was established at 3 days (P � 0.05) and 7 days (P � 0.001) of
exposure to 0.5% DMSO (Fig. 1B). In Fig. 1A, cells exposed to 10 �M LJ001 were
simultaneously exposed to 0.1% DMSO (50 �M LJ001 in 0.5% DMSO).

Clinical parameters used to assess the potential toxicity of LJ001 during rainbow
trout fry experiments included prolonged lethargy, circling, swimming slowly, prefer-
ence for the bottom of challenge containers, and overt death, none of which were
observed. Cytotoxic effects were also assessed via histopathology of whole, fixed fry

FIG 1 LJ001 is not cytotoxic at antiviral concentrations. EPC cells were exposed to increasing concen-
trations of LJ001 (A) or the vehicle control (DMSO) (B) for 1, 3, and 7 days in the presence of light at the
time of addition. Formazan dye absorbance was measured at 450 nm. Positive-control wells were
exposed to hydrogen peroxide (40 mM final concentration) for 1 day. The negative control (�) is no drug
exposure. (A) Exposure to 0 to 50 �M LJ001 (50 �M LJ001 with 0.5% DMSO, 10 �M LJ001 with 0.1%
DMSO, and 1.0 �M LJ001 with 0.01% DMSO). There was no cytotoxicity to EPC cells at up to 10 �M LJ001.
Toxicity occurred when cells were exposed to 20 �M LJ001 for 7 days and 50 �M LJ001 at all time points.
Data represent mean cell viabilities � standard errors (n � 3) normalized to values for no treatment
(negative control). **, P � 0.01; ***, P � 0.001. (B) Exposure to 0 to 0.5% DMSO. No cytotoxic effects were
observed at concentrations of up to 0.1%. Cytotoxic effects were detected after exposure to 0.5% DMSO
at 3 and 7 days. Data represent mean cell viabilities � standard errors (n � 3) normalized to values for
no treatment. *, P � 0.05; ***, P � 0.001.
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(transverse sections). There was no histologic difference between three negative-
control fish (histologic scores of 1, 2, and 1) and three fish immersed in 10 �M LJ001
(histologic scores of 1, 2, and 2). The scores were based on mild to moderate hyper-
plastic changes in the gills and skin (associated with various numbers of Ichthyobodo
necator [“Costia”] parasites) with no internal organ abnormalities (data not shown) (P �

0.52 by an unpaired Student t test). Our results confirmed that LJ001 was not cytotoxic
in vitro and in vivo at antiviral doses.

LJ001 blocks IHNV infection in vitro. Next, we examined whether LJ001 could
inhibit an aquatic rhabdovirus at previously established antiviral doses. LJ001 was
preincubated with IHNV for 30 min prior to plaque assays using EPC cells. LJ001 was
effective at inhibiting IHNV infection in vitro in a dose-dependent manner (Fig. 2A).
There was significant inhibition of infection (IHNV at 1 � 104 PFU/ml) with 0.1 �M and
1.0 �M LJ001 and complete inhibition at both 5 �M and 10 �M LJ001 (P � 0.001). The
negative-control molecule, LJ025, had no inhibitory effect at a concentration of 10 �M
(P � 0.05). Inhibition of infection was enhanced when LJ001 (0.1 and 1.0 �M) was
preincubated with the virus for longer times (Fig. 2B). There were significant differences
in inhibition at between 15 min of exposure and 60 min of exposure for both LJ001
concentrations used (P � 0.01 with 0.1 �M LJ001 and P � 0.05 with 1.0 �M LJ001).
LJ001 was directly applied to EPC cells, followed by the addition of untreated virus.
Inhibition of infection is similarly dose dependent (Fig. 2C). Inhibition is slightly
decreased for direct application compared to virus/drug preincubation, without
complete inhibition at 10 �M LJ001 when 3 � 103 PFU/ml virus were added. All
mock controls had no detectable virus. Because of these encouraging results,
particularly with preincubation, we then tested the inhibitory properties of LJ001 in
vivo.

LJ001 blocks IHNV infection in vivo. For in vivo studies, LJ001 was preincubated
with IHNV for 15 min prior to immersion exposure to rainbow trout fry. LJ001 inhibited
IHNV infection in a dose-dependent manner, where infection was measured by a
plaque assay (Fig. 3A) to assess live-virus levels and confirmed by reverse transcriptase
real-time PCR (RT-rPCR) (Fig. 3B) by probing for the IHNV N gene (viral RNA). There was
substantial inhibition (�2 logs; P � 0.001) of IHNV infection at 10 and 1.0 �M LJ001 via
a plaque assay (only one of five fish had detectable virus, and the other four fish were
negative at 10 �M LJ001; three of five fish had no detectable virus at 1.0 �M LJ001).
There was also significant inhibition (P � 0.05) of IHNV infection at 0.1 �M LJ001 (one
of five fish was negative and one fish was positive at the lowest detection limit). All five

FIG 2 LJ001 blocks IHNV infection in vitro. (A) Concentrations of up to 10 �M LJ001 (or 10 �M LJ025) were
preincubated with 1 � 104 PFU/ml IHNV for 30 min during exposure to light. The IHNV titer was determined via
a plaque assay. There was complete inhibition of infection with 5 and 10 �M LJ001, substantial and significant
inhibition with 1.0 �M LJ001, and mild but significant inhibition with 0.1 �M LJ001 compared to the positive
control (IHNV with no LJ001 treatment). The negative-control molecule LJ025 had no inhibitory effect. Mock
controls had negative titers. Data represent mean IHNV titers � standard errors (n � 3). *, P � 0.001. (B) LJ001 was
preincubated with the virus for 15, 30, and 60 min. Inhibition was enhanced with an increased time of exposure
of LJ001 to the virus. The difference in inhibition was significant at between 15 min and 60 min for both 1.0 �M
and 0.1 �M LJ001. Mock controls had negative titers. Data represent mean IHNV titers � standard errors (n � 4).*,
P � 0.05; **, P � 0.01. (C) Up to 10 �M LJ001 (or 10 �M LJ025) was directly applied to EPC cells, followed by the
addition of untreated virus at 3 � 103 PFU/ml. Inhibition of infection is dose dependent but decreased compared
to that with virus/drug preincubation. Mock controls had negative titers. Data represent mean IHNV titers �
standard errors (n � 3). *, P � 0.001.
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fish in both the group receiving 0.01 �M LJ001 treatment and the group receiving virus
with no treatment had positive viral titers. All mock-infected fish had negative titers.
Our results demonstrated that IHNV infection can be inhibited in vivo by preincubation
with low micromolar concentrations of LJ001.

LJ001 is relatively stable in aquaculture environments. We then tested the
stability of LJ001 in aqueous environments. LJ001 was added to water samples (river,
hatchery, or deionized water, with hatchery water at 15°C being the most aquaculture-
relevant environment containing a medium level of organic material). The samples
were placed for up to 7 days at 15°C or 4°C (with exposure to light) and finally
preincubated with 1 � 104 PFU/ml IHNV, followed by a plaque assay. LJ001 was fairly
stable in hatchery water at 15°C (Fig. 4A) and was less efficacious with increased
amounts of organic material present (the river water had abundant particulate matter).
LJ001 added to hatchery water at 15°C had a calculated inhibitory half-life of 1.9 days
(R2 � 0.83) when a nonlinear regression, best-of-fit line was applied (data not shown).
Additionally, the stability of LJ001 was further enhanced at even lower temperatures
(4°C) (Fig. 4B). The calculated inhibitory half-lives of LJ001 at 4°C were 2.7 days (R2 �

0.76) in river water and 5.6 days (R2 � 0.72) in hatchery water. These results indicate
that LJ001 is a relatively stable compound under aquaculture conditions.

LJ001 inhibits horizontal transmission of IHNV. Based on our in vivo pretreat-
ment inhibition data, we explored the therapeutic applications of LJ001 and its ability
to inhibit horizontal transmission of IHNV. Donor fish were immersion infected with
IHNV, followed by the addition of LJ001 (5 �M final concentration), and finally, naive
recipient fish were added after 15 min in a cohabitation experiment (see Fig. 5A for
experimental groups). IHNV recipient fish from LJ001-treated groups had significantly
lower (P � 0.002) viral titers than did DMSO-treated (control) IHNV recipient fish (Fig.
5B). None of the 36 LJ001-treated IHNV recipient fish had negative titers, but 19/36 fish

FIG 3 LJ001 blocks IHNV infection in vivo. Naive rainbow trout fry were immersed as a group in 1 � 104

PFU/ml IHNV that was preincubated for 15 min with 0 to 10 �M LJ001 while being exposed to light.
Following 12 h, fish were separated into isolation beakers, and the virus was allowed to replicate for 72
h. The homogenate supernatant from each fish was used for a plaque assay (A), and RNA was isolated
and quantified by RT-rPCR (B) to determine the IHNV titer or quantity, respectively. The positive control
was IHNV and the vehicle control only (0 �M LJ001 and 0.01% DMSO, final concentration). The negative
control was MEM and 0.01% DMSO. (A) There was a highly significant inhibition of infection with 10 �M
and 1.0 �M LJ001 and significant inhibition with 0.1 �M LJ001. Data represent mean IHNV titers �
standard errors (n � 5 fish per group). *, P � 0.05; ***, P � 0.001. (B) RT-rPCR probing for the IHNV N gene
confirmed the plaque assay results. Data represent mean numbers of IHNV N gene copies � standard
errors (n � 5). *, P � 0.05; ***, P � 0.001.
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had titers of �3.5 log PFU/g, whereas only 4/36 DMSO control IHNV recipients had
titers of �3.5 log PFU/g. IHNV-infected donor fish from LJ001-treated groups had
slightly lower, but not significantly lower (P � 0.38), viral titers. Our results revealed a
significant reduction, but not complete blockage, of horizontal transmission of IHNV
when fish were treated with LJ001.

Mx-1 gene expression levels are elevated with LJ001-inactivated IHNV. To
determine whether LJ001-inactivated virus may elicit an immune response and thus
may be promising as a vaccine vehicle, we measured Mx-1 gene expression levels in
rainbow trout fry exposed to LJ001-inactivated IHNV. Up to 10 �M LJ001 was prein-
cubated with IHNV for 15 min prior to immersion exposure of rainbow trout fry.
Pectoral fins were bead homogenized to isolate RNA for Mx-1 gene expression via
quantitative PCR (qPCR) and for IHNV N gene copy numbers via RT-rPCR. As expected,
Mx-1 gene expression was significantly upregulated in fin tissues of fish immersed in
untreated virus (IHNV and vehicle control only [0.0001% DMSO, final concentration])
compared to the negative-control group (no virus and DMSO) (Fig. 6). Similarly, Mx-1
expression was significantly upregulated in the 0.01 �M LJ001 treatment group. Fish
immersed in IHNV pretreated with higher doses of LJ001 (0.1, 1.0, and 10 �M) had
higher Mx-1 gene expression levels than did those in the negative-control group,
although upregulation was not statistically significant when the data were subjected to
a multiple-group statistical comparison. At 10 �M LJ001, the Mx-1 expression level was
elevated 7.5-fold over the that of negative-control group, despite a lack of detectable
viral RNA in the fin tissues. Our results suggest that LJ001-inactivated virus may elicit an

FIG 4 LJ001 is relatively stable in aquaculture environments. LJ001 was added to sterilized deionized,
hatchery, or river water and placed at either 4°C or 15°C for 0 to 8 days (a new sample was created each
day; not additive). On day 0 (final day), 1 � 104 PFU/ml IHNV (final concentration) was preincubated with
each treated water sample (10 �M LJ001, final concentration), followed by a plaque assay to determine
the IHNV titer. There was complete inhibition of infection by LJ001 for all water and temperature
conditions on day 0. The dotted line represents the inhibitory half-life titer (�50% inhibition of the
positive control). (A) In 15°C water, LJ001 had an inhibitory half-life of between 1 and 2 days in hatchery
water. After day 0, LJ001 in river water had no inhibitory effect. The inhibitory half-life of LJ001 in DI water
at 15°C was �5 to 6 days. (B) When placed in 4°C water, the inhibitory half-life of LJ001 was prolonged
under all water conditions. Data represent mean IHNV titers � standard errors (n � 2).
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innate immune response that could provide protection to the host. Future studies are
aimed at testing this potential prophylactic approach.

DISCUSSION

LJ001 is established as a broad-spectrum antiviral against enveloped viruses in
mammalian systems (20). The present study revealed that LJ001 was efficacious against
a fish virus in vitro (Fig. 2) and in vivo (Fig. 3). Additionally, LJ001 was not cytotoxic to
fish cells (Fig. 1A) or juvenile rainbow trout (histopathology data not shown) at antiviral
concentrations. High concentrations of LJ001 (�50 �M), however, overwhelm the
system and establish cytotoxic effects, which is compounded by the cytotoxic effects of
DMSO at concentrations of �0.1% (Fig. 1B). The main limitations for the use of LJ001
in mammalian systems are the requirement of light for activation and a relatively short
biological half-life at 37°C (reported to be �90 min) (20). Generally, compounds
degrade more slowly at lower temperatures, and the normal physiological temperature
range for salmonids and their viral pathogens includes 15°C (23). LJ001 also binds to
any organic material that has a lipid membrane (20, 21, 24), which likely accounts for
the decrease in efficacy shown in Fig. 2C, where some LJ001 was presumed to
immediately bind to the cells before the addition of untreated virus. Pathogens in
aquaculture are transmitted in water, and water is typically transparent to light. Thus,
water is a more favorable medium for LJ001 applications during daylight hours or

FIG 5 LJ001 inhibits horizontal transmission of IHNV. Rainbow trout were immersion infected with 2 �
105 PFU/ml IHNV (donor fish) or MEM (mock) and remained in the flowthrough for 24 h. (A) Experimental
groups. Three IHNV- or mock-infected donor fish were placed into static challenge containers, followed
by the addition of LJ001 (5 �M final concentration) or 0.005% DMSO (vehicle control); after 15 min, nine
naive recipient fish were added to each challenge container for cohabitation (n � 1 challenge container
per mock-infected group, and n � 4 challenge containers per IHNV-infected group). Water exchanges
and fresh LJ001 or DMSO dosing occurred every 24 h. (B) For donor fish that were immersion infected
with IHNV, there was a nonsignificant (P � 0.38, as determined by Student’s t test) decrease in viral loads
for the LJ001-treated donor fish (12 fish) compared to DMSO-treated (vehicle control) donor fish (12 fish).
There was a significant decrease in viral loads for LJ001-treated IHNV recipient fish (36 fish) compared to
DMSO-treated (control) IHNV recipient fish (36 fish) (P � 0.002). All mock-infected fish had negative titers.
Data represents mean IHNV titers � standard errors (n � 12 for mock groups, n � 12 for IHNV donors,
and n � 36 for IHNV recipients).
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under artificial illumination. Our model virus, IHNV, preferentially infects trout at 15°C
(25), and we demonstrated that LJ001 was more stable at these temperatures (Fig. 4A),
with an inhibitory half-life of �1.9 days (R2 � 0.83). Additionally, the amount of organic
material present in natural water environments will vary. We showed that increased
amounts of organic material in the water decreased the efficacy of LJ001 but that the
efficacy of LJ001 remained relatively high in the tested hatchery water.

Horizontal transmission of IHNV occurs during epizootic outbreaks, in which a small
proportion of fish become infected initially and begin shedding virus in the water,
which perpetuates the epizootic outbreak (26, 27). Often, two peaks of mortality are
observed following acute rhabdovirus infection, which indicates that horizontal trans-
mission plays an important role in outbreaks. Our data demonstrated that LJ001
significantly inhibited horizontal transmission from IHNV-infected donor fish to naive
recipient fish in a cohabitation challenge model (Fig. 5), which was likely due to direct
LJ001 inactivation of the virus being shed by donor fish. The amount of virus shed by
multiple fish (three infected fish were used in each experimental group) is expected to
be massive and should mimic horizontal transmission in a natural setting. Peak shed-
ding rates in Atlantic salmon are upwards of 3.2 � 107 PFU/fish/h (27), and horizontal
transmission to naive fish requires only 10 PFU/ml (multiplicity of infection [MOI]).
Therefore, small amounts of virus in the water can infect fish, followed by rapid viral
replication in the host. Although longer exposures and higher doses of LJ001 would
likely enhance the inhibition of horizontal transmission, inhibition below the MOI
(essentially complete inhibition) is unlikely to be achieved for this virus and antiviral
combination. We chose this difficult model system (high shedding levels and low MOI
needed for infection) to demonstrate the potential of LJ001 as a therapeutic, and we
suspect that there is great promise for the compound in systems with lower levels of
virus shedding and higher MOIs required for infection. Real-world conditions of variable
amounts of organic material and high water flow rates/flowthrough systems are also
challenges for therapeutic applications in aquaculture. For example, LJ001 might be
suitable to inhibit viral transmission in pond aquaculture settings or when fish are
housed short-term under static conditions, as occurs when fish are transported, tagged,
or vaccinated, and in tanks for ornamental fish trade.

We showed that LJ001 directly inhibits IHNV infection in rainbow trout (Fig. 3),
where 4/5 fish in the 10 �M LJ001 treatment group and 3/5 fish in the 1.0 �M LJ001
treatment group had negative viral titers (complete inhibition). We also suspect that
virus inactivated by LJ001 may elicit an innate immune response that could be
protective to the host, which would potentially decrease viral loads and shedding or

FIG 6 Mx-1 gene expression levels are elevated with LJ001-inactivated IHNV (10 �M). Naive rainbow
trout fry (n � 5 fish per treatment group) were exposed in batch by immersion delivery of 1 � 104

PFU/ml IHNV preincubated with 0 to 10 �M LJ001. Following 12 h, fish were separated into isolation
beakers, and the virus was allowed to replicate for 72 h. Pectoral fins were sampled for Mx-1 gene
expression and corresponding IHNV N gene expression levels. The positive control was IHNV and the
vehicle control only (0.01% DMSO, final concentration). The negative control was MEM (mock) and 0.01%
DMSO. Mx-1 gene expression was significantly upregulated in the positive-control and 0.01 �M LJ001
treatment groups compared to the negative control. *, P � 0.05. Data represent means � standard errors
for Mx-1 expression and mean IHNV titers.
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block infection completely. Natural IHNV infection stimulates a robust early innate
response followed by a long-term specific immune response (28). The speed and
magnitude of the response are dependent on a number of variables, including water
temperature, virus dose, strain, and other host/virus factors. The innate immune
response to IHNV is mediated largely by type I interferon and interferon-induced
proteins (including Mx-1) (29), which can be induced by the G protein alone (30).
Studies have shown that the G protein elicits a strong early and nonspecific/cross-
protective innate immune response (31, 32). Later, a specific immune response is
associated with detectable serum neutralizing antibodies (33, 34). Wild-type IHNV (no
treatment) stimulates the upregulation of Mx-1, as shown in Fig. 6. Similarly, IHNV
treated with 0.01 �M LJ001 also significantly upregulates Mx-1 gene expression due to
a lack of virus inhibition at this dose. The 10 �M LJ001 treatment group was the most
noteworthy because Mx-1 gene expression was upregulated albeit not significantly due
to the variability of the sampled fish in this group. Virus in this treatment group was
interpreted as being inactivated by LJ001 (as judged by the extremely low titer), and
our data for Mx-1 suggest that inactivated virus may upregulate innate immune gene
expression.

The G protein has been shown to be the only IHNV protein necessary to induce
long-term specific immunity (35, 36), which is the basis for the DNA vaccine. However,
the exact mechanism and pathway by which the G protein induces interferon are not
known. Hypothetically, the G protein could induce interferon at the cell surface
(binding), within the endosome (endocytosis), within the cytoplasm (translation), when
inserted into the surface membrane for assembly (recognized by immune function
cells), or at a combination of these locations (29, 37). Additionally, degraded RNA within
the endosome may activate Toll-like receptors 7 and 8 (38), with subsequent induction
of interferon. LJ001-inactivated virus should induce a protective (innate and adaptive)
immune response based on evidence that the glycoproteins are left unaltered (20),
which theoretically still allows binding and endocytosis (internalization) of the virus by
host cells. Conformation, glycosylation, and epitopes of G must be preserved to induce
a protective immune response, and altered/modified viral proteins have been a pitfall
for previously explored inactivated IHNV vaccines (39). The advantages of using LJ001
to inactivate viruses may include the possibility for ease of immersion administration
(versus injection), lower costs and less labor associated with dosing mass numbers of
fish/shellfish at one time, and the broad range of viruses and hosts that could be
targeted.

The use of LJ001 as a therapeutic for IHNV at the tested concentrations may be
limited, but LJ001 could be useful as a therapeutic against other enveloped viruses with
lower shedding rates and higher MOIs and those transmitted under static-water
conditions (e.g., ponds). Future studies will be focused on using LJ001-inactivated IHNV
as a preventative measure by determining its ability to induce an immune response and
its potential as a vaccine. An additional focus will be the study of the properties of
enhanced derivatives of LJ001 as both aquaculture therapeutic inhibitors as well as
inactivating compounds for vaccine development.

MATERIALS AND METHODS
LJ001. LJ001 and a negative-control molecule, LJ025 (20, 21), were produced at the University of

California, Los Angeles (UCLA), by Michael Jung’s group. LJ001 was reconstituted in 100% DMSO,
protected from light, stored at room temperature, and used within 6 months of reconstitution.

Cells and cell viability assay (cytotoxicity). EPC cells (40, 41) are an IHNV-permissive fish cell line
obtained from the Washington Animal Disease Diagnostic Laboratory (WADDL) aquaculture section
(ATCC CRL 2872). Cells were seeded into a 96-well plate and incubated at 22°C until they reached
confluence. Concentrations of up to 50 �M LJ001 or up to 0.5% DMSO were added to wells in triplicate
for 1, 3, and 7 days. Cytotoxicity was assessed by using a cell counting kit (CCK-8; Dojindo Molecular
Technologies) according to the manufacturer’s instructions. Reaction plates were incubated for 90 min,
and the absorbance was read at 450 nm by using a Tecan microplate reader (Infinite M-1000). The
quantity of formazan dye produced, when [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium, monosodium salt] (WST-8) is reduced by dehydrogenases, is directly
proportional to the number of living cells (i.e., cell viability).
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IHNV propagation. For in vitro studies, stock concentrations of IHNV (ATCC VR1392 [039-82 {WRAC
strain}]; American Type Culture Collection, Rockville, MD) were obtained from the WADDL aquaculture
laboratory. The virus was amplified by using Chinook salmon embryo 214 (CHSE-214) cells.

For in vivo studies, IHNV (strain 220-90) was propagated in EPC cells as previously described (42, 43).
In vitro inhibition. For preincubation, EPC cells were seeded into a 24-well plate at 1 � 106 cells/ml

in Roswell Park Memorial Institute medium with 10% fetal bovine serum (RPMI-10). Cells were 95 to 100%
confluent in 24 h. IHNV (final viral titer of 1 � 104 PFU/ml) and LJ001 (0 to 10 �M) or LJ025 (10 �M) were
preincubated together in RPMI-0 medium (without fetal bovine serum) in the presence of white light for
30 min. Mock negative controls (0.1% DMSO in RPMI-0) were used. The viral titer was determined by a
plaque assay as previously described (42).

For time exposure, IHNV (final titer, 1 � 104 PFU/ml) was preincubated with 0.1 and 1.0 �M LJ001 or
10 �M LJ025 for 15, 30, and 60 min, followed by a plaque assay with mock controls.

For direct application, LJ001 (0 to 10 �M) or LJ025 (10 �M) was directly applied to EPC cells, followed
by the addition of untreated virus at a final viral titer of 3 � 103 PFU/ml (plaque assay with mock
controls).

Stability experiments. Hatchery water was obtained from the end of the final raceway at a rainbow
trout farm (Troutlodge, Inc., Sumner, WA). River water was obtained from a stream in Pullman, WA
(downtown area). LJ001 (10 �M final concentration) was added to sterilized deionized (DI), hatchery, or
river water samples in the presence of light; LJ001 was added to a new water sample each day and
placed at either 4°C or 15°C (LJ001 remained in the water sample for 0 to 8 days). On day 8 (final day),
1 � 104 PFU/ml IHNV (final concentration) were preincubated with each LJ001-treated water sample for
30 min, followed by a plaque assay (described above) to determine the IHNV titer. To prevent osmotic
lysis, 1 part LJ001 in water was added to 2 parts virus in medium to attain the final concentration/titer.

Fish experiments. Live rainbow trout exposure studies were performed at the Western Fisheries
Research Center (WFRC); all experiments were approved under WFRC IACUC protocol 2008-28. Fish were
donated as fry by Troutlodge, Inc. (Sumner, WA).

Immersion. IHNV was preincubated with LJ001 to a final viral titer of 1 � 104 PFU/ml and up to 10
�M LJ001 or the vehicle control (0.01% DMSO, final concentration) in challenge containers (500 ml of
water and a continuous air supply) in the presence of light. After 15 min, naive rainbow trout fry were
added to the challenge container. The fish remained together for 12 h, at which time the fish were
separated into individual beakers (to prevent fish-to-fish transmission) containing 400 ml of laboratory
water until 72 h postinfection. Mock negative controls (0.01% DMSO in minimal essential medium [MEM])
were used. The entire exposure was conducted in static water with aeration. The fish were humanely
euthanized with tricaine methanesulfonate (MS-222) at a final concentration of 240 mg/liter. Fish were
frozen at �80°C until processing.

Cohabitation. Donor fish were immersed in 2 � 105 PFU/ml IHNV or MEM only (mock infected). At
24 h postexposure, three donor fish were placed into each challenge container (700 ml of water and a
continuous air supply), and LJ001 (5 �M final concentration) or a carrier reagent (0.005% DMSO, final
concentration) was added to challenge containers in the presence of light. After 15 min, nine naive
recipient fish were added to each challenge container. Every 24 h, the donor and recipient fish were
netted into a new challenge container with fresh water (700 ml) and a new dose of LJ001 (5 �M) or DMSO
(0.005%). Following 72 h of cohabitation, fish were euthanized with MS-222 and frozen at �80°C.

Histopathology. Three fish were exposed to 10 �M LJ001 (or no treatment [negative control]) for 72
h and euthanized as described above. Fish were fixed whole in Davidson’s fixative. Seven transverse
sections of the head and abdominal cavity and a single longitudinal section of the tail were processed,
embedded in paraffin, sectioned at 4 �m, and examined by hematoxylin and eosin (H&E) staining using
standard methods (44). Scores defined prior to evaluation were as follows: 0 for no histological
abnormalities; 1 for mild, multifocal epithelial hypertrophy and/or hyperplasia in the gills and/or skin; 2
for moderate epithelial hypertrophy and hyperplasia with or without mild inflammation; 3 for moderate
epithelial hyperplasia, evident epithelial degeneration or individual-cell necrosis, and/or mild to mod-
erate inflammation; 4 for severe epithelial hyperplasia, individual-cell necrosis, and/or moderate to severe
inflammation; and 5 for significant necrosis in any organs or skin ulceration. Histopathologic evaluation
and scoring were performed by two veterinary pathologists who were blind to the treatment groups.

Whole-fish processing. Fish were processed and analyzed as previously described (43). Briefly, fish
were thawed and homogenized in MEM by using a stomacher or manual homogenization, and the
homogenate was subjected to low-speed centrifugation (1,000 � g). The supernatant was serially diluted
for plaque assays as described above. Total RNA was also extracted from the homogenized supernatant
(1:4 dilution) by using the Qiagen RNeasy minikit according to the manufacturer’s instructions, as
previously described (43). Total RNA was eluted in 60 �l of nuclease-free water and stored at �80°C until
use. Total RNA was quantified by using a NanoDrop ND-1000 instrument (Thermo Scientific). cDNA was
constructed by reverse transcription using random primers from the High Capacity cDNA reverse
transcription kit (Applied Biosystems). IHNV N gene quantification was performed via RT-rPCR (43).

Mx-1 expression. Pectoral fin clips were taken from each fish in the immersion experiment
(described above) and stabilized in RNAlater (Qiagen). RNAlater was removed, and magnetic lysing matrix
beads (MP Biomedicals) were added to the samples. Tissues were bead homogenized (FastPrep-24
instrument; MP Biomedicals) for 20 s. The homogenate was spun (centrifugation for 10 min at 8,000 rpm),
and the supernatant was used for RNA extraction (RNeasy minikit; Qiagen). Total RNA was quantified by
using a NanoDrop ND-1000 instrument (Thermo Scientific). cDNA was constructed by reverse transcrip-
tion as mentioned above. Gene expression levels were measured via qPCR, using probes for the Mx-1
gene, and normalized to the expression levels of the ARP (acidic ribosomal phosphoprotein P0)
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housekeeping gene (45). Quantification of IHNV N gene copy numbers in fin tissue samples was
conducted by RT-rPCR as described above.

Statistical analyses. Statistical analyses were performed by using GraphPad PRISM 5. One-way
analysis of variance (ANOVA) and Dunnett’s posttest with comparison to the negative control were used
for the cell viability assay (in triplicate). Virus titers and N gene copy numbers were log10 transformed
prior to statistical analyses for the remaining assays. ANOVA and Dunnett’s posttest with comparison to
the positive control were used for the in vitro (n � 3) preincubation and direct application data and for
data from the in vivo (5 fish per group) immersion inhibition studies. For time exposure experiments,
ANOVA and Tukey’s multiple-comparison posttest were used to compare time points for LJ001-treated
columns (n � 4). Best-of-fit quadratic curves were applied to data from stability experiments, from which
the inhibitory half-life was calculated via the quadratic formula and coordinate plots, and R2 values were
generated. Student’s t test was applied to data from studies of the inhibition of horizontal transmission
(12 donors and 36 recipients per treatment). A nonparametric Kruskal-Wallis test and Dunn’s multiple-
comparison post hoc test for the negative control were used on data for the upregulation of Mx-1 gene
expression (5 fish per group).
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