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A B S T R A C T

Emerging viral pathogens cause substantial morbidity and pose a severe threat to health worldwide. However, a
universal antiviral strategy for producing safe and immunogenic inactivated vaccines is lacking. Here, we report
an antiviral strategy using the novel singlet oxygen (1O2)-generating agent LJ002 to inactivate enveloped viruses
and provide effective protection against viral infection. Our results demonstrated that LJ002 efficiently gener-
ated 1O2 in solution and living cells. Nevertheless, LJ002 exhibited no signs of acute toxicity in vitro or in vivo.
The 1O2 produced by LJ002 oxidized lipids in the viral envelope and consequently destroyed the viral membrane
structure, thus inhibiting the viral and cell membrane fusion necessary for infection. Moreover, the 1O2-based
inactivated pseudorabies virus (PRV) vaccine had no effect on the content of the viral surface proteins.
Immunization of mice with LJ002-inactiviated PRV vaccine harboring comparable antigen induced more neu-
tralizing antibody responses and efficient protection against PRV infection than conventional formalin-in-
activated vaccine. Additionally, LJ002 inactivated a broad spectrum of enveloped viruses. Together, our results
may provide a new paradigm of using broad-spectrum, highly effective inactivants functioning through 1O2-
mediated lipid oxidation for developing antivirals that target the viral membrane fusion process.

1. Introduction

Emerging viral pathogens are a constant and prominent threat to
health worldwide. Viral infections in animals cause devastating eco-
nomic losses, severely affect animal welfare, and have potential en-
vironmental and global biodiversity consequences [1]. Moreover, ani-
mals are thought to be the major sources of human zoonotic infections,
and 75% of all emerging infectious diseases are considered to be caused
by animals [2]. Pseudorabies virus (PRV) is an acute infectious disease
characterized by respiratory symptoms, fever, and reproductive and
nervous system diseases in livestock such as pigs, cattle, goats, and
many wild animals [3]. One case of human endophthalmitis has been
reported to be caused by PRV infection [4]. The pig industry in China

has suffered enormous economic losses because of the reemergence and
large-scale prevalence of PRV variants since 2011 [5]. African swine
fever virus (ASFV) is the causative agent of a highly contagious he-
morrhagic disease affecting wild boars and domestic pigs, with mor-
tality rates approaching 100%. ASFV has spread into many countries in
Africa, Europe, South America, the Caribbean region, and Asia, espe-
cially Russia and China [6–8]. Because no vaccine or antiviral strategy
it is available, more than 30 million pigs were culled during
2018–2019, translating to estimated economic losses of $2 billion in
swine production worldwide [9]. Furthermore, the recent outbreaks of
severe acute respiratory syndrome, Ebola virus, Zika virus, and novel
influenza strains with pandemic potential are examples of zoonotic
pathogens causing different types of diseases representing major global
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public health issues [10].
Immunization is the most important and cost-effective strategy to

protect animals from these emerging viral diseases. Besides improving
animal health, immunization also substantially enhances public health
by preventing the occurrence of several zoonotic diseases [11]. Thus,
there is a dire need to develop vaccine candidates and novel agents in
response to new viral pathogens. Inactivated virus vaccines circumvent
the need to identify relevant antigens, and they contain many im-
munogenic epitopes to evoke effective virus-specific immune responses.
Moreover, inactivated virus vaccines can be quickly produced from
purified viruses through chemical inactivation methods. Unfortunately,
a general method for producing safe and immunogenic inactivated
vaccines is lacking. Conventionally, formalin has been extensively used
to inactivate viruses in the manufacture of vaccines [12]. However,
formalin treatment not only generates carbonyl groups on vaccine an-
tigens, thus inducing harmful and undesirable T helper type 2 biased
immune responses [13], but also causes structural damage to B-cell
epitopes [14] and introduces carcinogenesis [15]. Owing to its draw-
backs, research focus has shifted towards aziridin derivatives acting on
nucleic acids; these derivatives are highly reliable in inactivating var-
ious DNA and RNA viruses. However, these aziridine derivatives are
also highly toxic and unstable [16,17]. Alternative virus inactivation
methods, such as ultraviolet light, gamma radiation, and heating, all
have the drawbacks of the various limitations mentioned above
[18,19].

1O2 is a reactive oxygen species with well-established roles in pro-
grammed cell death signaling or acclimation processes in plants and
microorganisms [20,21]. The high reactivity of 1O2 also results in the
production of reaction products such as oxidized lipids, which can
function as second messengers that mediate signal transduction and
activate redox-sensitive transcription factors [22,23]. In mammals, 1O2

plays a pathophysiological role in regulating vascular tone and blood
pressure under inflammatory conditions [24]. Chemical generation of
1O2 requires light activation of photosensitizer (such as porphyrins,
chlorines and thiazolidine) into the triplet state and transfers the energy
to O2, thus forming 1O2, a highly reactive species with applications in
blood sterilization, herbicides, insecticides, wastewater treatment, fine
chemical synthesis, and photodynamic therapy [25,26]. Recently, the
broad-spectrum antiviral compound LJ001 has been shown to inhibit
infection with enveloped viruses by modifying phospholipids in the
lipid bilayer via the production of 1O2 [27]. However, unfortunately,
the use of LJ001 and its structural homologs (JL122 and JL118) in a
murine lethal challenge model of viruses is impractical, owing to the
lack of light exposure inside the body to activate the compound [28].
Whether 1O2-based lipid modification can be used to inactivate viruses
and induce immune responses remains unknown.

Lipids are a major component of membrane-enveloped viruses,
which play important roles in merging two initially distinct lipid bi-
layers into a single lipid bilayer, thus enabling fusion of viral and cell
membranes for viral entry [29]. 1O2 readily oxidizes lipids containing
carbon‐carbon double bonds and introduces hydroperoxy group into
them [26], thus specially causing changes in membrane properties. On
the basis of these earlier observations, we hypothesized that 1O2

treatment might provide an attractive method to generate effective
inactivated virus vaccines. Furthermore, because viral lipid membranes
are not encoded by the viral genome, such inactivation strategies would
also probably increase the barrier to viral variation-induced resistance.

Here, we synthesized LJ002, the structural analogue of LJ001, an
ethyl thiazolidine derivative, with the objective of exploring a novel
1O2-based virus inactivation strategy, as a putative alternative to cur-
rent agents such as formalin for the preparation of inactivated vaccines.
Our results demonstrate that LJ002 efficiently generates 1O2 in solution
and living cells. The produced 1O2 oxidizes lipids in the viral envelope,
thus leading to destruction of the viral membrane structure and in-
hibition of the membrane fusion necessary for cell infection. Moreover,
the 1O2-based inactivated PRV vaccine has no effect on the viral surface

protein content and confers a stronger neutralizing antibody response
than conventional formalin-inactivated PRV vaccine, thereby providing
more efficient protection against lethal-dose PRV challenge. In addi-
tion, the inactivation mediated by 1O2 is effective against different fa-
milies of enveloped viruses, thus demonstrating the ability to generate
inactivated virus vaccines with greater potency than vaccines produced
by current inactivation techniques.

2. Materials and methods

2.1. Materials

We obtained TRIzol Reagent (D9108B) and SYBR Premix Ex Taq
(RR420A) from TaKaRa; a Cell Counting Kit-8 (CCK-8, ZP328) from
Zoman Bio (Beijing, China); a malondialdehyde (MDA) test kit (A003-4)
from Jian Cheng (Nanjing, China); mouse monoclonal anti-actin
(A1978) from Sigma; Lycopene (HY–N0287) and methylene blue (HY-
14536) from MedChemExpress; Singlet Oxygen Sensor Green (S36002)
from Invitrogen; deuterium oxide (D2O, D113904) from Aladdin
(Shanghai, China). Anti-glycoprotein E (gE) [30] was a gift from Pro-
fessor Ke-Gong Tian (Henan Agricultural University, China). Antisera
against PRV glycoprotein B (gB) were generated by immunization of
mice with purified recombinant gB. Horseradish-peroxidase-conjugated
donkey anti-mouse IgG (715-035-150) and anti-rabbit IgG (711-035-
152) antibodies were from Jackson ImmunoResearch Laboratories;
anti-mouse IgG antibody labeled with Alexa Fluor 488 (A21429) was
from Thermo Fisher Scientific. The antibodies described above were
used at dilutions of 1:500 for immunofluorescence staining and 1:1,000
for immunoblotting. MDA (BWQ7504-2016) was from Beijing Northern
Weiye Institute of Metrology and Technology. LJ002 and LJ001 were
synthesized as previously described [27].

2.2. Cells and viruses

PK-15, Vero, MARC-145, and HeLa cells were grown in monolayers
at 37 °C under 5% CO2. All cells were cultured in DMEM (10566–016,
GIBCO), supplemented with 10% FBS (10099141C, GIBCO), 100 units/
mL penicillin, and 100 μg/mL streptomycin sulfate (B540732, Sangon).

PRV-GFP and PRV-QXX were used as previously described [31,32].
PRV HN1201 [33] was a gift from Professor Ke-Gong Tian (Henan
Agricultural University, China). Vesicular stomatitis virus (VSV)-GFP,
Newcastle disease virus (NDV)-GFP, influenza virus (H1N1 PR8), and
Sendai virus (SeV) [34] were gifts from Yong-Tao Li (Henan Agri-
cultural University, China). Porcine reproductive and respiratory syn-
drome virus (PRRSV)-GFP [35] was a gift from Professor En-Min Zhou
(Northwest A&F University, China).

2.3. Cell viability assays

Cells were seeded into 96-well plates with 0.8 × 104 cells/well for
the indicated time periods, and cell viability was determined with CCK-
8 assays according to the manufacturer's instructions. The absorbance
at 450 nm was detected with a microplate reader (Awareness
Technology Inc.).

2.4. Half maximal inhibitory concentration (IC50) assays

The IC50 values for LJ002 in PK-15 cells were determined after 48 h
of treatment. Briefly, 1 × 104 cells were seeded into 96-well plates and
treated with various LJ002 concentrations (0, 20 nM, 60 nM, 0.2 μM,
0.6 μM, 2 μM, 6 μM, 20 μM, and 60 μM) for 48 h, and CCK-8 survival
assays were then carried out to evaluate cell viability under different
drug concentrations. A graph of viability versus drug concentration was
constructed in Prism 7 to calculate the IC50 values.
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Fig. 1. LJ002 generates 1O2.
(A) Chemical structure of LJ002.
(B) Various concentrations of LJ002 were
added to a solution of 0.5 μM DMA made with
D2O in the presence of light for 1 h at 25 °C.
The disappearance of DMA's fluorescence
signal was detected to estimate the generation
of 1O2. Data show the efficiency of DMA con-
version.
(C) After 0.5 μM DMA was incubated with
DMSO (LJ002: 0) or 6 μM LJ002 in the pre-
sence of α-tocopherol at various concentra-
tions for 1 h, the fluorescence intensity of DMA
was measured.
(D) The conversion of DMA by LJ002 was de-
termined in the presence of 0 (vehicle) and
0.1 μg/μL α-tocopherol.
(E) PK-15 cells were incubated with 50 nM Si-
DMA and different concentrations of LJ002.
The generation of 1O2 in the absence or pre-
sence of 0.1 μg/μL α-tocopherol for 1 h was
observed under fluorescence microscopy.
(F) After 0.5 μM DMA was incubated with
DMSO (LJ002: 0) or 6 μM LJ002 in the pre-
sence of lycopene at various concentrations for
1 h, the fluorescence intensity of DMA was
measured.
(G) The conversion of DMA by LJ002 was de-
termined in the presence of 0 (vehicle) and
1 μM lycopene.
(H) PK-15 cells were incubated with 50 nM Si-
DMA and different concentrations of LJ002.
The generation of 1O2 in the absence or pre-
sence of 1 μM lycopene for 1 h was observed
with fluorescence microscopy.
(I) After reaction of 1 μM SOSG with 6 μM
LJ001, 6 μM LJ002 and 6 μM methylene blue
for different irradiation times, the fluorescence
intensity of SOSG was measured.
(J) Corresponding 1O2 quantum yields for
LJ001 and LJ002. The errors originate from the
linear fit of the data. NS, not significant,
*P < 0.05, **P < 0.01, ***P < 0.001, one-
way ANOVA. (For interpretation of the refer-
ences to color in this figure legend, the reader
is referred to the Web version of this article.)
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2.5. Flow cytometry

For viral proliferation assays, cells were infected with recombinant
viruses expression the GFP reporter gene for 24–48 h and digested with
trypsin-EDTA (25200072, GIBCO). Then, cells were collected by

centrifugation and suspended in phosphate-buffered saline (PBS). The
percentage of GFP positive cells was measured by flow cytometry on a
BD AccuriC6 instrument. All data were analyzed in CytExpert software.

(caption on next page)
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2.6. Immunoblotting analysis

Whole cell lysates were prepared in RIPA buffer (50 mM Tris-HCl,
pH 8.0, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate,
0.1% SDS, and 2 mM MgCl2) supplemented with protease inhibitors
(4693116001, Roche). The protein concentrations in the lysates were
quantified with a Bicinchoninic Acid (BCA) Protein Assay Kit (BCA01,
DINGGUO Biotechnology) and subjected to immunoblotting according
to standard protocol. Immunoblotting results were visualized with
Luminata Crescendo Western HRP Substrate (WBLUR0500, Millipore)
on a GE AI600 imaging system.

2.7. Immunofluorescence

Cells grown on coverslips were fixed with 4% paraformaldehyde
(PFA) for 30 min and incubated with PBS containing 10% FBS with the
primary antibody (1:500) for 1 h at room temperature. After being
washed three times with PBS, cells were labeled with fluorescent sec-
ondary antibody (1:500) for 1 h. Images were acquired with a Zeiss
LSM800 confocal microscope and ZEN 2012 software. Images were
quantified in ImageJ (National Institutes of Health) for quantitative
image analysis.

2.8. RT-qPCR

Total RNA was isolated with Trizol Reagent and subjected to cDNA
synthesis with an oligo (dT) or random hexamer primer. RT-qPCR was
performed in triplicate with SYBR Premix Ex Taq according to the
manufacturer's instructions, and data were normalized to the level of β-
actin expression in each sample.

2.9. Viral titration and infectivity

The 50% tissue culture infective dose (TCID50) assay was performed
to assess viral titration and infectivity. On day 0, cells were seeded in
96-well plates at a density of 1 × 104 cells per well. On day 1, the cells
were inoculated with serially ten-fold diluted viruses at 37 °C for 1 h.
Excess viral inoculum was removed by washing with PBS. Then, 200 μL
of maintenance medium (2% FBS/DMEM) was added to each well, and
cells were cultured for another 3–5 days. Cells showing the expected
cytopathic effects were counted daily, and the TCID50 value was cal-
culated with the Reed-Muench method.

Intracellular infectivity. Cells were washed three times with PBS,
scraped, and pelleted by centrifugation at 1,000 g for 5 min. The cell
pellets were subjected to three freeze-thaw cycles with liquid nitrogen
and a thermal block set to 37 °C. Then, cell lysates were centrifuged at
10,000 g for 10 min at 4 °C to remove the cell debris. The titers of
infectious viruses were expressed as TCID50 per mL after a limiting
dilution assay.

Extracellular infectivity. To determine the extracellular infectivity

of the viruses, we harvested the supernatants, filtered them through a
0.45 μm pore size filter, and stored them at 4 °C. Their infectivity was
determined in parallel with a limiting dilution assay, as described
above.

2.10. EdU (5-ethynyl-2′-deoxyuridine) labeling and staining

For EdU labeling, Vero cells were cultured in 10% FBS/DMEM
containing 25 μM EdU (C00052, RIBOBIO) and simultaneously infected
with PRV HN1201 (MOI = 1) for 24 h. Viruses were harvested with
three freeze-thaw cycles, and the viral titer was determined with TCID50

assays.
For EdU staining, PK-15 cells were incubated with EdU-labeled PRV

HN1201 (MOI = 15) and cell Mask™ Green at 4 °C for 1 h. Cells were
then fixed in 4% PFA and stained with Apollo reaction cocktail
(C00031*, RIBOBIO) at room temperature for 30 min. Images were
captured on a Zeiss LSM 800 microscope and processed with ImageJ
software for quantitative image analysis.

2.11. Measurement of 1O2

In our experiments, LJ002 was added to solutions to achieve the
proper final concentrations; the solutions were then irradiated with a
light emitting diode (LED) (660 nm) for 60 min with a power density of
5 mW/cm2 under a 1 atm oxygen atmosphere at room temperature.

The compound 9,10-dimethylanthracene (DMA) is a specific fluor-
escent 1O2 trap, which reacts selectively with 1O2 and forms the non-
fluorescent 9,10-dimethylanthracene endoperoxide (DMAO2). Thus, the
disappearance of DMA's fluorescence signal was monitored and used to
estimate the capacity of LJ002 to generate 1O2. DMA fluorescence in-
tensity was measured at excitation wavelength = 370 nm and emission
wavelength = 432 nm with a microplate reader (Awareness
Technology Inc.).

Si-DMA can selectively detect 1O2: the fluorescence of Si-DMA in-
creases 17 times as a result of endoperoxide formation at the anthra-
cene moiety in the presence of 1O2. In addition, Si-DMA can be used to
visualize the real-time generation of 1O2 from protoporphyrin IX in
mitochondria with 5-aminolevulinic acid [36]. Cells were incubated
with 50 nM Si-DMA and different concentrations of LJ002. The gen-
eration of 1O2 was observed through fluorescence microscopy (640 nm
irradiation).

2.12. Measurements of 1O2 quantum yield of LJ002 by SOSG

Singlet Oxygen Sensor Green (SOSG) is a detection reagent that is
highly selective to 1O2. In the presence of 1O2, SOSG reacts with 1O2

and produces SOSG endoperoxides (SOSG-EP), which emit strong green
fluorescence with a maximum at 531 nm [37]. Methylene blue (MB) is a
phenothiazinium dye with a known singlet oxygen quantum yield of
0.52 [38]. After fixing the concentration of MB in aqueous solution, the

Fig. 2. LJ002 inhibits PRV replication.
(A) IC50 analysis of LJ002 in PK-15 cell lines. Cells were incubated with LJ002 at 0, 20 nM, 60 nM, 200 nM, 600 nM, 2 μM, 6 μM, 20 μM, and 60 μM doses. CCK
assays were then used to determine the cell viability (%). IC50 values were determined after the absorbance values vs. various drug concentrations were plotted in
GraphPad Prism. The graph was then fitted with a non-linear regression and sigmoid dose-response curve to obtain the IC50 values.
(B) Cell viability assays of PK-15 cells treated with LJ002 (0–600 nM) for 12, 24, 36, and 48 h.
(C and D) Cell number and representative bright-field microscopic images of PK-15 cells after treatment with DMSO (vehicle control) or LJ002 (20, 60, 200, and
600 nM) for 48 h. Fresh DMSO or LJ002 was added every 12 h.
(E) PK-15 cells were pretreated with various concentrations of LJ002 for 4 h and infected with PRV-GFP (MOI = 0.01) for 1 h at 37 °C, and then the infectious
inoculum was replaced with growth medium containing LJ002 at the indicated concentrations for 36 h. Cells were fixed and stained with DAPI, and their fluor-
escence was detected with fluorescence microscopy.
(F) The GFP-positive PK-15 cells (with the same treatment as that in E) were measured by flow cytometry.
(G and H) Immunoblotting analysis of PK-15 cells treated as in E and infected with PRV HN1201 (MOI = 1, G) or PRV-QXX (MOI = 1, H) with the indicated
antibodies.
(I and J) PK-15 cells treated as in E and infected with PRV HN1201 (MOI = 1, I) or PRV-QXX (MOI = 1, J). Viruses were harvested with three freeze-thaw cycles, and
the viral titer was determined with TCID50 assays. *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA.
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reaction rate (r) of SOSG with 1O2 can be obtained by using time de-
pendent SOSG fluorescence enhancement data, which are proportional
to the concentration of SOSG-EP:

=

−

=r d SOSG EP
dt

k SOSG O[ ] [ ] [ ]n
2

1

[SOSG-EP] is the concentration of SOSG-EP; [SOSG] and [1O2] are
the concentrations of SOSG and 1O2, respectively; and n is the order of
reaction with respect to SOSG. When n = zero, r is dependent on only
[1O2]. In this case, we define the reaction of SOSG with 1O2 as an “n-
zero reaction”. As a result, the concentration of 1O2 generated by
photosensitization of MB can be quantitatively determined from the
reaction rate (r).

To determine the minimal concentration of SOSG to meet the n-zero
reaction condition, various concentrations of SOSG were used to react
with 1O2 generated by 1 μM MB photoirradiation in PBS. Furthermore,
measurements were performed to explore the feasibility of quantitative
measurement of 1O2 generation from the photosensitization of various
MB concentrations by keeping the SOSG concentration constant. As
demonstrated in previous studies, the reaction rate of the 1O2 fluores-
cence probes’ oxidation by 1O2 can be determined from the initial re-
gion of the kinetic curve, thus allowing for quantification of 1O2 gen-
eration [39]. Therefore, as an additional test, we estimated the 1O2

quantum yield of LJ002 by comparing the reaction rate of a known
photosensitizer by using SOSG after photosensitization. In this study,
the 1O2 quantum yield of LJ002 was determined with respect to MB as a
standard photosensitizer as follows [40]:

= ⋅

r A
r A

Φ /
/

ΦLJ LJ

MB MB
MBΔLJ002

002 002
Δ

where rLJ002 and rMB are the reaction rates of the SOSG with 1O2 gen-
erated from photosensitization of LJ002 and MB, respectively. ALJ002

and AMB are the absorbance of LJ002 and MB, respectively, and ΦΔMB

(0.52) is the 1O2 quantum yield of MB.

2.13. Determination of lipid oxidation

For lipid oxidation assays, we used a commercial kit to quantify the
generation of MDA according to the manufacturer's protocol for the
Lipid Peroxidation MDA Assay Kit (20130407, Nanjing, China). In brief,
after treatment, cell lysates were extracted in 250 μL of RIPA buffer
with a syringe needle and centrifuged at 12,000 g for 5 min at 4 °C. The
supernatant was subjected to MDA measurement with a spectro-
photometer (excitation at 379 nm and emission at 432 nm). The MDA
values were normalized to the total cellular protein content, which was
determined with a BCA Protein Assay Kit.

2.14. Liquid chromatography-mass spectrometry (LC-MS) analysis of MDA

LC-MS experiments were carried out on a Xevo TQ-S (Waters). PRV
(1.05 × 109 TCID50) was exposed to different concentrations of LJ002
for 1 h at room temperature and broken by ultrasonic crushing. For
preparation of samples, an aliquot of 250 μL sample (viral homogenate)
was placed in a 1.5 mL microcentrifuge tube, and 50 μL of 6 M NaOH
was added. Alkaline hydrolysis of protein bound MDA was achieved by
incubation of this mixture in a 60 °C water bath for 40 min. Then,
protein was precipitated with 125 μL of 35% (v/v) perchloric acid and
mixed with 25 μL of DNPH, prepared as a 5 mM solution in 2 M hy-
drochloric acid. Finally, this reaction mixture was incubated for
30 min at room temperature, protected from light. The derived samples
were centrifuged at 20,000 rpm for 10 min, filtered with a 0.22 μm
filter membrane, and used as samples in MS determination (ion source:
EI+; scanning mode: SRM; capillary voltage: 2.00 KV; cone pore vol-
tage: 29.0 V; ion source temperature: 150 °C; desolvent gas tempera-
ture: 500 °C; desolvent airflow velocity: 1000 L/Hr).

2.15. Transmission electron microscopy (TEM)

PK-15 cells were incubated with PRV HN1201 (MOI = 10, pre-
treated with DMSO or LJ002) at 4 °C for 2 h, washed with PBS, fixed for
30 min at room temperature with 2.5% glutaraldehyde, embedded and
processed for TEM.

To image the viral morphology by negative staining, we incubated
purified PRV HN1201 with LJ002 in the presence of light for 1 h and
fixed samples with glutaraldehyde in phosphate buffer to a final con-
centration of 0.5% at 4 °C for 30 min. Then 5 μL of PRV suspension was
adsorbed to glow-discharged electron microscopy grids and stained
with 2% phosphotungstic acid. The grids were desiccated and visua-
lized by TEM.

2.16. Atomic force microscopy (AFM)

AFM analysis was conducted with an MFP3D Infinity-Asylum
Research AFM in tapping mode (Oxford Instruments PLC). Briefly, PRV
HN1201 (final viral titer of 2 × 108 TCID50/mL) was incubated with
LJ002 in the presence of light for 1 h and pipetted onto a freshly
cleaved mica surface, which was air-dried in a dust-free enclosure be-
fore use. Imaging was performed with uncoated silicon cantilevers
AC160TS-R3 from Oxford Instruments PLC, with a tip radius of 7 nm,
resonance frequency of approximately 200–300 kHz, and spring con-
stant of 8.4–57 k (N/m). Images with a scan size of 1 × 1 μm2/
4.5 × 4.5 μm2/20 × 20 μm2 and resolution 512 × 512 pixels2 were
obtained with scan rates between 0.6 and 1.0 Hz and set points close to
0.2 V. AFM images were analyzed offline in AFM software (Microsoft).

Fig. 3. Time-of-drug-addition analysis of LJ002's antiviral effect.
(A) Schematic of the effects of LJ002 treatment on PRV particles, viral attachment, and viral entry, with the indicated washing steps and incubation periods. For viral
inactivation assays, PRV-GFP (MOI = 0.01) was pre-incubated with LJ002 in the presence of light for 1 h at 25 °C before inoculation of PK-15 cells. For pre-treatment
assays, LJ002 was used for pretreatment of PK-15 cells at 37 °C for 4 h. For viral attachment assays, PK-15 cells were treated with LJ002 concurrently with PRV-GFP
inoculum (MOI = 0.01) at 4 °C before washing and a temperature shift to 37 °C to facilitate entry of the virus. For viral entry assays, PRV-GFP-bound PK-15 cells
(MOI = 0.01) were maintained at 4 °C and then treated with LJ002 at 37 °C before cells were washed. Virus only indicates normal virus infection without LJ002
treatment.
(B) The GFP-positive PK-15 cells after 24 h of incubation were measured by flow cytometry.
(C) Flow cytometry images of PRV-GFP proliferation in PK-15 cells treated as in B.
(D) PRV HN1201 (MOI = 0.1) viruses were used to infect PK-15 cells at 4 °C for 2 h; the temperature was shifted to 37 °C for 1 h (internalization), and the cells were
washed with PBS and treated with various concentrations of LJ002 for 24 h. The viral titer was determined with TCID50 assays.
(E–G) PK-15 cells were infected with PRV HN1201 (MOI = 0.1) at 4 °C for 2 h, shifted to 37 °C for 1 h (internalization), and then treated with DMSO or 600 nM LJ002
for 0–36 h. The mRNA levels of viral genes (IE180, E; EP0, F; UL5, G) were analyzed by RT-qPCR.
(H) PK-15 cells were infected with PRV HN1201 (MOI = 0.1) at 4 °C for 2 h, shifted to 37 °C for 1 h (internalization), and then treated with DMSO or 600 nM LJ002
for 2 h, 4 h, 6 h, or 8 h. The viral titer was determined with TCID50 assays.
(I) PK-15 cells were infected with PRV HN1201 (MOI = 0.1) at 4 °C for 2 h, then shifted to 37 °C for 12 h. After 12 h, the cells were replaced with DMSO or 600 nM
LJ002 for 1–6 h. The supernatants and intracellular viral fluids were collected at different time points, and the viral titers were determined. NS, not significant,
*P < 0.05, ***P < 0.001, one-way ANOVA.
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Fig. 4. LJ002 treatment inactivates PRV and impairs viral attachment/fusion to host cells.
(A) PRV HN1201 (MOI = 1, labeled with EdU) was treated with DMSO or LJ002 (600 nM) in the presence of light for 1 h at 25 °C and then washed with PBS and
subjected to repurification by centrifugation through an ultrafiltration spin-column. The viruses were used to infect PK-15 cells at 4 °C for 2 h, and the cells were then
stained with Apollo (PRV) and CellMask™ Green (PM). The labeled viruses (red) attached/fused with membranes of the host cells were analyzed by confocal
microscopy.
(B) PRV HN1201 (MOI = 10) was treated with various concentrations of LJ002 in the presence of light for 1 h at 25 °C and then washed with PBS and subjected to
repurification by centrifugation through an ultrafiltration spin-column. The repurified viruses were used to infect PK-15 cells at 4 °C for 2 h, and the cells were
washed with PBS and fixed with 4% PFA. The viral glycoprotein (gB) on PK-15 cells was stained with anti-gB, and the nuclei were stained with DAPI. The fluorescence
of gB was analyzed by confocal microscopy.
(C) The number of gB puncta per cell was counted in 30 cells per group.
(D) The repurified viruses (MOI = 10) as in Fig. 4B were used to infect PK-15 cells at 4 °C for 2 h; the cells were then washed with PBS, and the viral envelope
glycoprotein (gE) on PK-15 cells was analyzed by immunoblotting.
(E) The repurified viruses (MOI = 1) as in Fig. 4B were used to infect PK-15 cells, and the viral titer was determined with TCID50 assays.
(F) The repurified viruses (MOI = 10) as in Fig. 4B were used to infect PK-15 cells at 4 °C for 2 h; the cells were washed with PBS, fixed, and processed for TEM. Red
asterisks indicate the virus particles; white arrowheads show the attachment/fusion of viruses with cell membranes. *P < 0.05, **P < 0.01, ***P < 0.001, one-
way ANOVA. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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2.17. Histological analysis

Tissues dissected from mice were fixed in 4% PFA overnight, em-
bedded in paraffin, and sectioned for hematoxylin and eosin (H&E)
staining. To determine the expression of PRV gB in brain sections, we

used immunofluorescence. Briefly, brain sections were stained with
anti-gB (1:200), then incubated with secondary antibody (anti-mouse
IgG antibody labeled with Alexa Fluor 488, 1:200) and labeled with
DAPI. All sections were photographed at a magnification of 400 × .

(caption on next page)
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2.18. PRV purification by iodixanol density gradient centrifugation

PRV in the supernatant was purified by ultracentrifugation through
Optiprep iodixanol density gradients. Briefly, 200 mL PRV supernatant
was transferred into a dialysis bag, and PEG12000 was added to

concentrate the culture fluid to a final concentration of 10% (v/v). After
centrifugation at 20,000 rpm for 2 h at 4 °C, the viral precipitate was
suspended in 1 mL PBS (pH 7.2) and loaded with 7.2 mL of 20% io-
dixanol solution (v/v). The viral separation was performed by ultra-
centrifugation for 2 h at 30,000 rpm at 4 °C. The fractions were

Fig. 5. LJ002 induces substantial distortion of the viral membrane.
(A) Purified and concentrated PRV HN1201 was treated with DMSO (0), 600 nM or 6 μM LJ002, and incubated at 25 °C for 1 h; the cells were a fixed with 0.5%
glutaraldehyde at 4 °C for 30 min, stained with 2% phosphotungstic acid, and visualized with negative-stain electron microscopy. Arrowheads indicate disrupted
parts of the PRV particles.
(B and C) AFM deflection images (B) and phase images (C) of the PRV HN1201 treated with DMSO (0), 600 nM or 6 μM LJ002, and incubated at 25 °C for 1 h. Insets
in B and C show high-resolution images recorded in the square regions.
(D) Cross-sectional analysis reveals the height profile of PRV treated with LJ002.
(E) 3D AFM image of PRV treated with LJ002. Insets show high-resolution images recorded in the square regions. Red arrows indicate the minor ditches and uneven
edges caused by LJ002 treatment.
(F) Purified and concentrated PRV HN1201 was treated with DMSO (0), 600 nM or 6 μM LJ002, and incubated at 25 °C for 1 h; the amounts of viral particles
adsorbed per unit surface of mica were measured with AFM. ***P < 0.001, one-way ANOVA. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 6. LJ002 treatment increases the
generation of the lipid oxidation
product MDA.
(A) PK-15 cells were treated with
DMSO or various concentrations of
LJ002, and exposed to light for 1 h. The
concentrations of MDA were de-
termined with MDA assay kits and
normalized to the cellular protein con-
tent.
(B) PK-15 cells were incubated with
different concentrations of LJ002, and
the generation of MDA in the absence
or presence of 0.1 μg/μL α-tocopherol
for 1 h was determined as in Fig. 6A.
(C) Chromatogram of standard MDA
analyzed by LC-MS.
(D) Calibration plot for MDA at in-
creasing concentrations.
(E) The PRV (1.05 × 109 TCID50) and
different concentrations of LJ002 were
exposed to light for 1 h at room tem-
perature. Then, the levels of MDA were
determined by LC-MS. NS, not sig-
nificant, *P < 0.05, **P < 0.01,
***P < 0.001, one-way ANOVA.
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collected, and TCID50 and dot blotting analyses were used to determine
the infectivity and the presence of PRV structural glycoproteins.

2.19. LC-MS/MS analysis

To verify the changes in PRV proteins in response to singlet oxygen
challenge, we exposed purified PRV particles to vehicle or 600 nM
LJ002 for 1 h (660 nm, 5 mW/cm2), then performed capillary liquid
chromatography/tandem mass spectrometry (LC-MS/MS) by using an
EASY-nLC1200 system (Thermo Fisher Scientific) coupled to a Q-
Exactive mass spectrometer (Thermo Fisher Scientific), which was op-
erated in positive ion mode (LumingBio, Shanghai). Samples were
loaded on a C18 nanoLC trap column (100 μm × 20 mm, C18) and
washed with nano-HPLC buffer A (0.1% formic acid). A gradient of
5–35% nano-HPLC buffer B acetonitrile (60% ACN, 0.1% formic acid)
was used to elute the sample on a C18 column (75 μm× 150 mm), both
at a flow rate of 300 nl/min. A data-dependent acquisition MS method
was used, in which one full scan (300–1600 m/z, R = 60,000 at 200 m/
z) at a target of 1 × 106 ions was first performed, followed by ten data-
dependent MS/MS scans with higher-energy collisional dissociation.

2.20. Dot blot assay

Reaction of the circulating antibodies to PRV was evaluated with
dot blotting, in which 2.5 μL purified PRV was dotted on a ni-
trocellulose membrane and blocked with 10% FBS for 1 h at room
temperature. These viral dots were then incubated with different dilu-
tions (1:1, 1:2, 1:4, 1:8, 1:16, 1:32, 1:64, 1:128, 1:256, and 1:512) of
serum collected from mice immunized with PRV (formalin) or PRV
(LJ002). The membrane was subjected to immunoblotting according to
standard protocol.

2.21. Serum neutralization assays

The neutralizing activity of serum specimens against PRV was de-
termined with an in vitro neutralization assay. First, sera were in-
cubated at 56 °C for 30 min to inactivate complement. Then, two-fold
serial dilutions of sera were mixed with equal volumes of 200 TCID50 of
PRV HN1201 and incubated at 37 °C for 1 h. The mixtures were added
in triplicate to wells of a 96-well plate containing PK-15 cells. PRV-
specific cytopathic effects were observed, and neutralization titers were
calculated as the log2 of the reciprocal of the highest dilution resulting
in complete neutralization.

2.22. Mouse experiments

Female 6–8-week-old Kunming mice were purchased from the
Center of Experimental Animal of Zhengzhou University (Zhengzhou,
China) and maintained in a specific-pathogen-free animal facility ac-
cording to the Guide for the Care and Use of Laboratory Animals and
the related ethical regulations at Henan Agricultural University.
Sacrifice was performed with isoflurane narcosis followed by cervical
dislocation in accordance with the rules approved by the State Council
of the People's Republic of China for experimental animal care and use.

Eight mice per group were subcutaneously (S.C.) inoculated with

conventional formalin or LJ002-inactivated PRV HN1201 vaccine. The
clinical signs of the mice were monitored daily, and survival as a
Kaplan-Meier plot was compared with the log-rank (Mantel-Cox) test in
GraphPad Prism (GraphPad Software, Inc.)

To determine the protective effect of LJ002 inactivated PRV in mice,
we injected two groups of mice were injected S.C. with conventional
formalin or LJ002-inactivated PRV HN1201 for immunization, and
booster vaccination was performed 28 days later. The mice were
challenged S.C. with PRV (2 × 106 TCID50, death dose) at 28 days after
the first or second immunization. Clinical signs were recorded daily for
up to 21 days.

2.23. Hemagglutination (HA) assays

Viruses from infected cells were harvested with three freeze-thaw
cycles. The samples were then serially diluted with PBS in V-bottom 96-
well plates and incubated with 0.5% of chicken red blood cells at 37 °C
for 15 min. The viral HA titer was the highest dilution at which ag-
glutination was observed.

2.24. Statistical analysis

Data were obtained from at least three independent experiments for
quantitative analyses and are expressed as means ± standard errors of
the means. All statistical analyses were performed with one-way ana-
lysis of variance (ANOVA). Significant differences relative to the cor-
responding controls were accepted at *P < 0.05, **P < 0.01, and
***P < 0.001.

3. Results

3.1. LJ002 generates 1O2 in solution and living cells

To evaluate the capacity of LJ002 (Fig. 1A) for generating 1O2, we
added LJ002 to DMA, a well-known chemical trap for 1O2, which se-
lectively reacts with 1O2 and forms the non-fluorescent 9,10-endoper-
oxide [28]. In D2O solution, LJ002 exhibited dose-dependent 1O2-
mediated oxidation of DMA (Fig. 1B). Addition of an antioxidant (α-
tocopherol [41], a scavenger of 1O2) abrogated LJ002-induced DMA
oxidation (Fig. 1C and D). We also used Si-DMA [36] to detect the
generation of 1O2 in living cells, as shown in Fig. 1E. With increasing
LJ002 concentrations, the fluorescence intensities of Si-DMA were also
enhanced. However, the simultaneous addition of α-tocopherol to cells
abolished the fluorescence enhancement of Si-DMA mediated by 1O2.
Furthermore, we found that lycopene, the most efficient biological
carotenoid 1O2 quencher [42], also had a significant quenching effect
on 1O2 produced by LJ002 (Fig. 1F–H). Fig. 1I demonstrated that the
SOSG-EP fluorescence intensity of LJ002 was higher than those of
LJ001 and MB. Moreover, the 1O2 quantum yield of LJ002 was quan-
titatively determined to be approximately 0.88 ± 0.018 by compar-
ison of the reaction rate of SOSG that reacted with MB (Fig. 1J). Thus,
LJ002 produces 1O2 both in solution and in living cells.

Fig. 7. α-tocopherol abrogates viral envelope damage and restores the LJ002-mediated decrease in viral infectivity.
(A and B) AFM deflection images (A) and 3D AFM images (B) of LJ002-treated PRV-1201 without or with simultaneous addition of α-tocopherol (0.1 μg/μL). Insets
show high-resolution images recorded in the square regions.
(C) LJ002 was added to PRV HN1201 without or with α-tocopherol (0.1 μg/μL) and exposed to light for 1 h; the amount of viral particles adsorbed per unit surface of
mica was measured with AFM.
(D) LJ002 was added to PRV HN1201 (MOI = 0.1) without or with various concentrations of α-tocopherol and exposed to light for 1 h; then the virus was used to
infect PK-15 cells for 24 h. The viral titer was determined with TCID50 assays.
(E) LJ002 was added to PRV-GFP (MOI = 1) without or with various concentrations of α-tocopherol and exposed to light for 1 h; then the virus was used to infect PK-
15 cells for 36 h. Cells were fixed and stained with DAPI, and their fluorescence was detected with fluorescence microscopy. NS, not significant, **P < 0.01,
***P < 0.001, one-way ANOVA.
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3.2. LJ002 inhibits PRV replication in vitro

To examine a possible application of LJ002 in the control of viral
diseases in animal husbandry, we used PRV as a model to study swine
enveloped virus diseases and their inhibition. We first determined the
effect of LJ002 on cell proliferation. The IC50 value for LJ002 was
26.85 μM, on the basis of the cell viability/proliferation rates in PK-
15 cells measured with CCK-8 assays (Fig. 2A). Cell viability assays
(Fig. 2B) and cell number counting (Fig. 2C) showed that treatment
with 0–600 nM of LJ002 for 12–48 h was not harmful to PK-15 cells.
Microscopically, there were no changes in cellular morphology when
fresh DMSO or LJ002 was added every 12 h for as many as 2 days
(Fig. 2D). Then, we tested whether LJ002 inhibited PRV at low (sub-
micromolar) concentrations. PK-15 cells were pretreated with LJ002
(600 nM) for 4 h and infected with PRV-GFP, PRV HN1201, and PRV-
QXX. For all these viruses, LJ002 was effective at inhibiting PRV in-
fection in a dose-dependent manner, as determined by fluorescence
microscopy (Fig. 2E), flow cytometry (Fig. 2F), immunoblotting
(Fig. 2G and H), and TCID50 (Fig. 2I and J) assays. These data de-
monstrate that LJ002 treatment inhibits PRV infection.

3.3. LJ002 prohibits viral early entry-related steps

To further characterize the molecular mechanism of LJ002's anti-
viral activity, we performed a time-of-drug-addition assay wherein the
drug was directly added to free virus particles (Fig. 3A, a. Inactivated),
added to cells 4 h before PRV-GFP infection (Fig. 3A and b. Pre-treat-
ment), or added to viral inoculum at 4 °C on the PK-15 cell monolayer
(Fig. 3A, c. Attachment). At this temperature, viral particles can bind to
the cell surface, but subsequent fusion/entry steps are precluded until
the temperature is shifted to 37 °C [43]. In addition, we concurrently
added the drug at the time of viral infection (Fig. 3A, d. Entry) and
incubated cells for 24 h before measuring the GFP positive cells by flow
cytometry. Time-of-addition experiments (Fig. 3A–C) indicated that
LJ002 inhibited PRV infectivity when it was added before or during the
early entry events of infection. Moreover, LJ002's anti-PRV activity
appeared strongest when the viral particles were pre-incubated with
LJ002 in the presence of light for 1 h, and nearly 100% inhibition was
achieved, thus suggesting that LJ002 can directly inactivate these free
virus particles and neutralize their infectivity.

We next determined the antiviral activity of LJ002 in controlling the
spread of established infections. PRV particles were allowed to first
bind the PK-15 cell surface at 4 °C before the temperature was shifted to
37 °C for 1 h to allow viral entry. The inocula were then removed, and
cells were incubated with or without the compound. As shown in
Fig. 3D, LJ002 was ineffective in limiting the growth of PRV. Further-
more, mRNA expression results also indicated that addition of LJ002
after viral entry did not affect the transcription of the immediate-early
180 gene (Fig. 3E; IE180), early gene (Fig. 3F; EP0), and DNA re-
plication-related gene (Fig. 3G; UL5). As observed in the viral replica-
tion and release assays, there was no significant inhibition of viral re-
plication (Fig. 3H) and release (Fig. 3I) when LJ002 was added in the
post-infection phase. Together, these data provide evidence that LJ002
inactivates PRV virions and impairs early entry-related processes, thus
suppressing viral infection.

3.4. LJ002 inhibits viral attachment/fusion to host cells

To further demonstrate that LJ002 acts on the virus, we pretreated
live PRV particles with LJ002, washed and repurified the virions from
excess compound, and examined the infectivity of the repurified PRV
particles. When cells were infected with PRV containing EdU labeled
viral genome and Apollo stained, in the control group, EdU-labeled
viruses were mainly detected on the plasma membrane, whereas the
PRV viruses inactivated by LJ002 were nearly undetectable (Fig. 4A).
As shown by the immunofluorescence signals of gB, PRV particles were
attached to the surfaces of PK-15 cells, and the exposure to LJ002 re-
sulted in a dose-dependent inhibition of PRV virion attachment to cells
(Fig. 4B and C). Similar results were obtained from the detection of PRV
envelope gE content on cells in immunoblotting assays (Fig. 4D). As
shown in Fig. 4E, approximately 100% of infectivity was lost when PRV
was pretreated with 600 nM LJ002. Further support for these findings
was provided by electron micrographs showing that PRV virions at-
tached and partially fused with the plasma membrane in the control
group, whereas viruses inactivated by LJ002 were noninfectious and
did not attach/fuse on the cell surface. In addition, the viral particles
also showed some distortions in the viral membrane (Fig. 4F).

3.5. LJ002 causes viral membrane deformation

Because viral membrane distortions were observed when cells were
infected with LJ002-inactivated PRV particles (Fig. 4F), we sought to
determine whether the virion morphology might become deformed
after LJ002 treatment. We first examined untreated and treated virions
by negative-stain electron microscopy. As shown in Fig. 5A, the viral
envelope of untreated PRV virons was intact, whereas exposure to
LJ002 led to disruption of the envelope and distortion of viral ultra-
structure. The surfaces of viruses exposed to 600 nM LJ002 appeared
rougher, and their shapes appeared less regular. The distortions in the
membrane were more pronounced after 6 μM LJ002 treatment. The
presence of negative staining inside virions treated with LJ002, but not
untreated virions, suggested permeabilization of the viral membrane.
To further confirm that LJ002 compromises viral membrane integrity,
we used AFM to assess the morphological changes induced in mem-
brane structure and organization. The AFM deflection images of PRV, as
shown in Fig. 5B, were taken after the viruses were treated with DMSO
(the vehicle control) or LJ002. The surfaces of PRV particles without
treatment were very smooth, whereas those treated with LJ002 were
much rougher and showed some peculiar topographic features. AFM
phase imaging has been used to detect surface information, such as
different surface chemical compositions, adhesion, flexibility, and other
properties, and the different phases show different shades of color (or
shading) [44]. The untreated virions mainly showed one phase, thus
indicating that they were single-component particles. In response to
increasing concentrations of LJ002, the phase images clearly showed
two distinct phases, thereby indicating that the viral surface composi-
tion had changed (Fig. 5C). The heights of untreated virions were sig-
nificantly greater than those of LJ002-treated virions (Fig. 5D). Higher
magnification, and a three-dimensional (3D) view revealed that ex-
posure to LJ002 disrupted the envelope and caused indentations (ar-
rows) in the viral units (Fig. 5E). Differences in the values of particle
adsorption on mica are associated with hydrophobic interactions be-
tween the particles and the surfaces [45]. The number of PRV particles

Fig. 8. LJ002 exhibits no clear in vivo toxicity.
(A) Female 8-week-old mice (n = 5 per group) were injected S.C. daily for 10 days with 100 μL DMSO or LJ002 at 5 (low), 10, 15, 20, 25, 30, and 35 (high) mg/kg
doses. Daily averaged weights of the mice in each group are shown.
(B and C) On day 10, terminal blood samples were collected via cardiac puncture, and the activity of serum ALT and AST was measured. Results shown are averages
for six individual animals.
(D) Representative micrographs of H&E-stained sections. Tissues were harvested from mice treated with DMSO, 5 mg/kg or 35 mg/kg of LJ002 daily for 10 days. NS,
not significant, one-way ANOVA.
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Fig. 9. LJ002 protects mice against life-threatening PRV infection.
(A) 8 week old mice (n = 10 per group) were S.C. infected with PRV HN1201 at doses ranging from 2 × 101 to 2 × 106 TCID50, and the survival rate was monitored.
(B) 8 week old mice (n = 10 per group) were injected with 2 × 106 TCID50 of PRV HN1201 (DMEM) or LJ002-inactivated PRV HN1201 (LJ002), and the survival
rate was recorded daily.
(C) Experimental strategy for S.C. infection of PRV HN1201 (2 × 105 TCID50) or LJ002-inactivated PRV HN1201 (2 × 105 TCID50).
(D) Mice infected with PRV as in C were euthanized after 166 h, sections of brains were prepared, and immunofluorescence analysis was conducted with anti-gB. The
boxed region is enlarged below. The arrowhead indicates PRV positive infection in the brain cortex.
(E) The relative fluorescence intensity of gB was analyzed in Image J and normalized to the number of nuclei. NS, not significant, ***P < 0.001, one-way ANOVA.
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adsorbed on mica whose surface was treated with the aforementioned
compound was significantly lower than that in the control group, thus
suggesting that the hydrophobicity of the viral surface had changed
(Fig. 5F).

3.6. LJ002 increases the production of MDA

PRV is an enveloped virus surrounded by a lipid membrane derived
from host cell membranes. Because LJ002 induced a substantial dis-
tortion in the viral membrane, we hypothesized that LJ002 might
generate 1O2 within the plane of the viral membrane, and 1O2-mediated
lipid oxidation might result in damage to the architecture of the viral
membrane, thus hindering virus-cell membrane fusion. To determine
whether 1O2 contributes to oxidative degradation of lipids, we ex-
amined the generation of MDA, a well-known secondary product of
lipid oxidation [46]. As shown in Fig. 6A, MDA levels significantly in-
creased in LJ002-treated cells in a dose-dependent manner, as com-
pared with the levels in the control group. In contrast, the content of
MDA did not increase after the administration of α-tocopherol (Fig. 6B).
To explore whether LJ002 directly affected the lipid composition of
viral membranes, we treated purified PRV particles with LJ002 and
analyzed the viral MDA content by LC-MS, owing to its high analytical
sensitivity and specificity [47]. A typical chromatogram for the MDA
standard is shown in Fig. 6C. Standard calibration graphs were pre-
pared for various MDA concentrations, and a typical fitting line is
shown in Fig. 6D. The high-resolution LC-MS spectral analysis revealed
that LJ002-treated viruses had significantly more oxidized lipids than
LJ002-treated viruses supplemented with α-tocopherol (Fig. 6E), thus
indicating the specific and direct oxidation of lipids in viral membranes
by LJ002-induced 1O2.

3.7. α-tocopherol abrogates LJ002-induced viral envelope destruction

Because administration of the antioxidant resulted in 1O2 clearance
and decreased lipid oxidation, we next investigated the effects of α-
tocopherol on LJ002-induced viral membrane deformation and the
antiviral activity of LJ002. By comparing the AFM topography images
obtained in the absence and presence of α-tocopherol after 1 h of in-
cubation with LJ002, we observed that the lipid envelope of LJ002
treated PRV was considerably damaged, but these membrane de-
formations were reverted by the addition of α-tocopherol, after which a
smooth viral surface comparable to that in the DMSO group was ob-
served (Fig. 7A and B). Moreover, α-tocopherol administration sig-
nificantly attenuated the LJ002-induced reduction of PRV particles
adsorbed on mica, thereby supporting the notion that lipid oxidative
injury contributes to changes in the hydrophobicity of the viral surface
(Fig. 7C). With increased concentrations of α-tocopherol, both the viral
titer (Fig. 7D) and PRV-GFP fluorescence assay results (Fig. 7E) showed

that the addition of the 1O2 scavenger reversed the antiviral activity of
LJ002 against PRV. Together, our results confirm the specific involve-
ment of 1O2 in LJ002's destruction of the viral envelope and its antiviral
activity.

3.8. LJ002 does not produce adverse side effects

The potential toxicity of LJ002 was next assessed systematically.
Growth of mice was not affected by treatment with LJ002 in any of the
doses assayed, on the basis of body weight (Fig. 8A) and external ap-
pearance. None of the recipient mice died from exposure to these LJ002
doses. Liver damage or hepatotoxicity in recipient mice was analyzed
by measurements of serum alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST) levels. As shown in Fig. 8B and C, the
normal serum ALT and AST levels following treatment indicated no
significant liver damage caused by 5 mg/kg or 35 mg/kg per day of
LJ002 treatment for 10 consecutive days. Moreover, in a macroscopic
analysis, none of the mice showed histomorphologic changes resulting
from LJ002 treatment. The toxicity to major organs was also in-
vestigated with H&E staining. No appreciable abnormalities or notice-
able organ damage was apparent in any of the organs analyzed, re-
gardless of experimental group (Fig. 8D). These results provide direct
evidence that the prepared LJ002 has negligible tissue toxicity.

3.9. LJ002 protects mice against life-threatening PRV infection

We next investigated the potential antiviral activity of LJ002 against
PRV in vivo. To define the virulence of PRV HN1201, we performed S.C.
inoculation of 8-week-old mice with viral doses ranging from 2 × 101

to 2 × 106 TCID50. Infection with 2 × 106 TCID50 PRV HN1201 in-
duced 100% mortality by day 5 post injection; thus, the infection pro-
gressed rapidly. Infection with 2 × 105 TCID50 resulted in a survival
rate of 90% (Fig. 9A). In mice lethally challenged with 2 × 106 TCID50

of PRV HN1201, we observed high mortality, and all mice died within 5
days post infection. In comparison, mice infected with LJ002-in-
activated PRV HN1201 showed 100% survival rate in 15 days ob-
servation (Fig. 9B). Because PRV tends to infect neurons in the central
nervous system, we also examined viral proliferation in the brain tissue
of the infected mice (schematic outline in Fig. 9C). Using an immuno-
fluorescence staining method, we found that the brain tissues of mice
infected with PRV exhibited positive viral antigen gB signals, whereas
the DMEM (mock infection) group and the group receiving LJ002-in-
activated PRV showed negative viral signals (Fig. 9D and E). Our results
demonstrated that PRV infection can be inhibited in vivo by pre-in-
cubation with LJ002.

Fig. 10. Mice immunized with LJ002-inactivated PRV show more efficient protection than mice immunized with conventional formalin-inactivated PRV
vaccine.
(A) The arrow indicates the band of concentrated PRV particles after iodixanol density gradient centrifugation. This PRV HN1201-containing band was collected for
subsequent TCID50 analysis.
(B) PRV particles were pretreated with DMSO or LJ002 in the presence of light for 1 h, and then purified by iodixanol density gradient centrifugation. The content of
glycoproteins (gB and gE) on the virus was detected by dot blotting.
(C) Experimental strategy for S.C. injection of conventional formalin or LJ002-inactivated PRV HN1201 (2 × 106 TCID50) at 0 (first immunization) and 4 (second
immunization) weeks. Anti-sera were collected at various time points after the first immunization and the second immunization.
(D) Each group of mice (n = 8) was immunized (S.C.) with formalin or LJ002 inactivated PRV as shown in C. Serum samples were collected at various time points,
and the circulating antibodies reacting to PRV were determined by dot blot ELISA.
(E) Each group of mice (n = 8) was immunized (S.C.) with formalin or LJ002 inactivated PRV as shown in C. Serum samples were collected at various time points,
and the PRV-specific neutralizing antibodies were determined by serum neutralization assays.
(F) Each group of mice (n = 8) was immunized S.C. with DMEM, formalin, or LJ002 inactivated PRV for 4 weeks; after the first immunization, mice were challenged
with 2 × 106 TCID50 of PRV HN1201 (lethal dose). The survival rate was monitored daily for 21 days after challenge.
(G) Each group of mice (n = 8) was immunized S.C. with DMEM, formalin, or LJ002 inactivated PRV for 4 weeks; the booster was administered with the same
quantities of inactivated virus. At 4 weeks after secondary immunization, mice were challenged with 2 × 106 TCID50 of PRV HN1201 (lethal dose). The survival rate
was monitored daily for 21 days after challenge. *P < 0.05, **P < 0.01, one-way ANOVA.
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Fig. 11. LJ002 exhibits broad antiviral activity against enveloped viruses.
(A) MARC-145 cells were infected with various concentrations of LJ002-inactivated PRRSV-GFP virus (MOI = 10) for 48 h, and the viral replication was determined
with fluorescence, flow cytometry, and TCID50 assays. Gray peaks: GFP-negative cells (cells not infected with PRRSV); red peaks: GFP-positive cells (cells infected
with PRRSV).
(B) PK-15 cells were infected with various concentrations of LJ002-inactivated NDV-GFP (MOI = 0.001) for 12 h, and viral replication was determined with
fluorescence and flow cytometry assays. The titer of NDV-GFP was tested with HA assays.
(C) Vero cells were infected with various concentrations of LJ002-inactivated VSV-GFP virus (MOI = 0.001) for
48 h, and viral replication was determined with fluorescence, flow cytometry, and TCID50 assays.
(D) HeLa cells were infected with various concentrations of LJ002-inactivated H1N1-PR8 (MOI = 1) for 12 h, and the titer of H1N1-PR8 was tested with HA assays.
(E) PK-15 cells were infected with various concentrations of LJ002-inactivated SeV (MOI = 1) for 12 h, and the titer of SeV was tested with HA assays. *P < 0.05,
**P < 0.01, ***P < 0.001, one-way ANOVA. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
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3.10. LJ002-inactivated PRV confers more efficient protection than
conventional inactivated PRV vaccine

On the basis of our data on in vivo LJ002-inactivated PRV, we ex-
plored the potential applications of LJ002 and its ability to generate
PRV vaccines. Viral antigen content after LJ002 inactivation provides
an indicator of surface protein alterations after viral inactivation
treatment. First, we optimized the method of iodixanol density gradient
ultracentrifugation to purify PRV and verified that the purification
process did not affect the titer of the virus (Fig. 10A). We used this
method to analyze essential proteins such as viral antigen gB or primary
virulence factor gE. As shown in Fig. 10B, the content of gB and gE on
the virus was not affected. Nevertheless, the LC-MS/MS spectrum
showed that the oxidative modification of viral polypeptides increased
after LJ002 treatment (Fig. S1). To further investigate the immunity
generated by vaccination with LJ002 or conventional formalin-in-
activated PRV vaccine, we collected and analyzed anti-sera (schematic
outline in Fig. 10C). We investigated circulating antibodies induced by
vaccination by using a dot blot assay. This assay is a sensitive and
specific technique to measure circulating antibody responses to the
same content of PRV on the dot. Serum samples were collected at
various time points and analyzed with a two-fold serial dilution. As
shown in Fig. 10D, sera from mice that received LJ002-inactivated
vaccination showed significantly higher circulating antibody titers than
sera from conventional formalin-inactivated PRV mice. Serum samples
were further evaluated for their ability to neutralize PRV in vitro in
serum neutralization assays. As shown in Fig. 10E, detectable neu-
tralizing antibodies were developed in the sera of mice immunized with
either PRV (formalin) or PRV (LJ002). However, after either a single or
booster immunization, the highest levels of neutralizing antibodies
were observed in the sera of mice immunized with PRV (LJ002), results
similar to the dot-blot antibody responses. These experimental results
indicate that vaccination with LJ002-inactivated virus induces better
neutralizing antibody immune responses.

To evaluate the potency of the LJ002-inactivated vaccine against
lethal PRV challenge, we immunized mice as described and subjected
them to challenge with a 100% lethal dose of PRV HN1201 delivered
S.C. at 4 weeks after first or secondary immunization. The survival rates

are shown in Fig. 10F and G. Mice that received formalin or LJ002
inactivated PRV demonstrated significant protection when challenged
with a lethal dose of PRV. Single or multiple exposures to this LJ002-
inactivated vaccine led to better protection than that in mice receiving
conventional formalin-inactivated vaccine. All mice in the control
group (immunized with DMEM) died from the challenge. In summary,
these results indicate that the LJ002 is significantly more efficient than
the conventional formalin agent in vaccine preparation.

3.11. LJ002 is a broad antiviral

Our studies showed that LJ002-mediated 1O2 oxidizes the viral
membrane, thereby blocking the fusion of viral-cell membranes and
exerting antiviral activity. We sought to examine the breadth of this
inhibition by using phylogenetically distinct viruses. PRRSV
(Arteriviridae), NDV (Paramyxoviridae), VSV (Rhabdoviridae), Sendai
virus (Respirovirus), and Avian influenza virus (H1N1,
Orthomyxoviridae) were inactivated with LJ002, and the viral replica-
tion was evaluated by fluorescence, flow cytometry, TCID50, and HA
assays. Despite the different viruses, target cell types, and assay read-
outs measuring infectivity, when treated with 600 nM LJ002, PRRSV,
NDV, and VSV showed undetectable GFP-expression and TCID50

(Fig. 11A–C). The HA titer also showed that 600 nM LJ002 pre-treat-
ment inhibited H1N1 influenza virus replication (Fig. 11D). SeV ex-
hibited a similar destructive efficiency with 600 nM of LJ002, and when
LJ002 was increased to 6000 nM in the treatment, SeV was completely
inactivated according to the HA titer data (Fig. 11E). Collectively, these
results demonstrated that LJ002 has a broad-spectrum effect on viruses
with lipid membranes.

4. Discussion

In mammals, enzymes such as myeloperoxidase have long been
known to form 1O2 [48]. 1O2 has recently been shown to be essential for
neutrophil extracellular trap formation and to regulate blood pressure
under inflammatory conditions [24]. Chemical photosensitized reac-
tions are a simple and controllable method for the production of 1O2,
requiring only oxygen and light of an appropriate wavelength. A group

Fig. 12. 1O2 generated by LJ002 oxidizes lipids in the viral envelope, thus impairing viral envelope-cell membrane fusion and inhibiting viral entry into cells.
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of photosensitizers exemplified by LJ001, JL118, and JL122 are 1O2

generators that exhibit antiviral activity in vitro. Unfortunately, the
injection of these compounds has not been found to protect mice
against lethal emerging pathogens, given the lack of light inside animal
bodies [27,28]. In our study, we evaluated the novel 1O2-generating
agent LJ002, as an alternative to the classic inactivant for inactivated
virus vaccine preparation. We found that LJ002 was able to produce
1O2, both in solution and in living cells, which was quenched by anti-
oxidants (Fig. 1). Cellular toxicity assays revealed that the cytotoxicity
to cells was as high as 26.85 μM (IC50), possibly because of the cells’
powerful free radical scavenging system. At the concentration of
600 nm, there was no effect on cell viability, number, and morphology,
but proliferation of PRV was significantly inhibited (Fig. 2).

PRV is a member of the Alphaherpesvirinae subfamily, which pri-
marily infects swine and has numerous other hosts, including rodents,
ruminants, and carnivores, and causes nearly 100% mortality [49].
Some European countries and New Zealand have eradicated Pseu-
dorabies via immunization with gE-deleted vaccines (particularly
Bartha-K61) [50]. However, the pig industry in China has suffered
considerable economic losses because of the reemergence of PRV var-
iant strains since 2011 [5]. More seriously, previous reports have de-
scribed PRV infections in three immunocompetent humans [51]. One
case of human endophthalmitis has been confirmed to be caused by
PRV after direct contact with contaminants [4]. In addition, our ex-
periments demonstrate that PRV can infect human cell lines. This evi-
dence indicates that PRV might infect humans, thus underscoring the
necessity of mandatory PRV vaccination of swine and workers in the
swine breeding industry. Therefore, we used PRV as a model to evaluate
the antiviral effect of LJ002 and its potential use in animal husbandry.

Time-of-addition results revealed that LJ002 targets PRV's early
entry steps, specifically inactivating cell-free virions and impeding viral
attachment/fusion to the surface of host cells, thus abolishing sub-
sequent infection (Figs. 3 and 4). By comparing the nanoscopic scale
AFM topography images obtained before and after incubation with
LJ002, we tracked the viral surface phase, height, and morphological
changes, as well as the decreased hydrophobicity in LJ002-treated
virions (Fig. 5). Phospholipids are a main component of biological
membranes, and unsaturated phospholipids have C]C double bonds,
which are highly vulnerable to lipid oxidation attack [52]. The clus-
tering of oxidized phospholipids results in differential lipid packing,
increased positive curvature, decreased membrane thickness and
fluidity, and changes in the nanoarchitecture of the membrane that are
not conducive to fusion [53]. In the present study, we demonstrated
that LJ002 treatment caused a marked increase in the content of MDA
on both cells and purified PRV particles (Fig. 6). Importantly, with
antioxidant treatment, the generation of lipid oxidation products was
decreased, the viral envelope was protected from damage, and viral
infectivity was restored (Figs. 6 and 7). Because LJ002 caused no sub-
stantial morphological changes in cells, we speculate that its effects
may be due to viral membranes derived from host cells lacking these
metabolic and repair pathways, thus leaving their static membranes
susceptible to LJ002 treatment.

Along with the high effectiveness of viral inactivation by LJ002, no
signs of adverse side effects were observed in the body weights, serum
biochemical markers, and histological examinations of the treated mice
(Fig. 8). The actual efficacy of LJ002 in the prophylactic and immune
protection of enveloped viral diseases is likely to depend on viral in-
activation as well as on the pathogenic profile of the virus. Therefore,
we conducted preliminary LJ002-mediated PRV inactivation efficacy
experiments in vivo through lethal challenge of mice immunized with
PRV or LJ002-inactivated PRV at the same TCID50. Encouragingly,
LJ002 did show efficacy: compared with the control group, the LJ002
treated group showed a 100% survival rate, and no viral protein ex-
pression was observed in the mouse brain (Fig. 9).

Antigen content and stabilized antigen structure are crucial for ef-
ficient presentation of antigenic peptides on the major

histocompatibility complex, thus triggering effective immune responses
[54]. Lipid oxidation may directly damage the transmembrane coun-
terpart of membrane proteins or cause structural changes due to en-
velope disintegration. PRV gB and gE are envelope glycoproteins that
are major viral antigens and participate in the processes of viral entry
into host cells [55]. To assess the antigenic degradation during in-
activation, we monitored the antigenic mass by dot blotting and clearly
verified that lipid oxidation cannot affect the antigenic mass
throughout the LJ002 inactivation processes. More encouragingly, our
mouse data showed that LJ002-inactiviated PRV vaccine had distinct
advantages over conventional formalin-inactivated vaccine in terms of
humoral immune responses and protective efficacy (Fig. 10). Although
1O2 produced by LJ002 can cause an increase in the oxidative mod-
ification of PRV proteins (Fig. S1), it does not affect the content of PRV
proteins, nor does it affect the production of circulating/neutralizing
antibodies. In addition, LJ002 inactivates a broad spectrum of viruses
with lipid membranes (Fig. 11).

According to our work, we speculate that LJ002-mediated 1O2 may
be useful in inactivating ASFV. ASFV is a large, enveloped, double-
stranded DNA virus with five layers: the genome-containing nucleoid
(the first layer) is surrounded by a thick protein layer (the second
layer), which is wrapped with a lipid-bi-layer membrane (the third
layer) and an icosahedral protein capsid (the fourth layer); ASFV then
buds through the plasma membrane and gains an external envelope
(the fifth layer) [9]. Recently, results have indicated that inactivated
ASFV does not confer protection, even in the presence of various ad-
juvants, thus suggesting that antibodies induced by ASFV structural
protein might not be sufficient to protect pigs against virulent ASFV
challenge [56]. Our results demonstrated that LJ002-mediated 1O2 can
oxidize lipids and destroy the membrane structure (Fig. 12). Therefore,
epitopes that are not easily exposed and proteins that can elicit effective
neutralizing antibodies or cell-mediated immune responses may be
exposed.

Considering all these factors, we believe that the LJ002-inactivated
vaccine has promise to be developed as a safe and efficacious vaccine
against viral disease. Further studies are needed to obtain large
amounts of statistical data to draw affirmative conclusions regarding
the use of LJ002-inactivated vaccine for PRV protection, for ASFV
protection in natural host systems, and for protection against other
important pathogens such as severe acute respiratory syndrome-related
coronavirus and Ebola virus.
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