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ABSTRACT

Introduction: Atherosclerosis is a chronic inflammatory condition characterized by arterial foam cell accumulation.
In mice, MNV-infected macrophages develop atherosclerotic lesions. Due to MNV-3’s affinity for macrophages ex-
pressing CD36, CD88, and CD11b, we examined its influence on these markers. Materials and methods: Recombi-
nant MNV-3 was recovered using a DNA-based recovery system as described previously. The third passage of MNV-
3 was used to infect RAW 264.7 cells at MOI of 0.5 followed by treatment with 80pg/ml of oxLDL and samples were
collected 24 hours post-treatment for various assays. Verification of MNV-3 infection was achieved through PCR,
TCID50, and Western blotting analyses. The ORO staining and TCE assays were used to assess lipid droplets and
total cholesterol content. The FACS and qRT-PCR assays were carried out to measure CD36, CD88, and CD11b cell
surface proteins and mRNA expression levels. ELISA analysis quantified the IL-B, TNF-a, TGF-B, and IL-6 secretion
levels. Results: MNV-3 infection in RAW 264.7 cells was confirmed by PCR with a 342bp amplicon targeting the
viral subgenomic region. OxLDL inhibited MNV-3 replication in RAW 264.7 cells. Combining MNV-3 with oxLDL
significantly decreases RAW 264.7 CD36, CD88, and CD11b surface protein expression. This treatment regime also
significantly reduced the CD36 and CD88 transcript levels. MNV-3 with oxLDL significantly reduced IL-1B, IL-6,
and TNF-a secretion whilst TGF-B was significantly increased. Conclusion: Combining MNV-3 with oxLDL reduced
cholesterol and lipid droplets by decreasing CD36, CD88, and CD11b, reducing L-1B, IL-6, and TNF-a secretions,
and enhancing TGF-B secretion. The study suggests that MNV-3 infection exhibits anti-atherogenic effects, potential-
ly offering biomedical implications.
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atherosclerosis and other cardiovascular illnesses kill
17.9 million people worldwide. More than 80% of CVD
deaths are heart attacks and strokes, and one-third are
in those under 70 years. Atherosclerosis is linked to
hypertension, high cholesterol, smoking, diabetes, and
sedentary lifestyles in epidemiological studies.
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INTRODUCTION

Atherosclerosis, a  complicated and  chronic
inflammatory disease characterized by the buildup
of lipid-laden plaques in artery walls, has a major
influence on public health due to its prevalence and

An intricate interaction between inflammation, lipid
metabolism, and immune cell responses causes
atherosclerosis (2). Macrophages, T lymphocytes, and
other immune cells facilitate plaque development,

implications (1). This condition may be an unnoticed
contributor to cardiovascular diseases (CVD), including
heart attack and stroke, which greatly impact global
health. The World Health Organization reports that

making the disease chronic and progressive (2).
Risk factors usually cause endothelial dysfunction,
allowing low-density lipoprotein (LDL) to enter the
artery intima. Oxidation of LDL creates oxidized low-
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density lipoprotein (oxLDL), which causes inflammation
and draws monocytes and T cells (3). After entering
the artery wall, monocytes become macrophages.
Macrophages absorb oxLDL, creating intima foam cells
(3). Macrophages release pro-inflammatory cytokines,
promoting inflammation and immune cell expansion
(2). Jung and Lee (4) reviewed the literature and reported
that bacterial and viral infections can produce artery-
wall immune responses. Atherosclerotic plaques grow
and progress due to vascular inflammation, especially
chronic inflammation (5). Atherosclerosis occurs when
an infection stimulates the immune system, causing
chronic inflammation in blood vessel walls (5). Chronic
inflammation affects the development, progression, and
instability of atherosclerotic plaques (5).

Murine norovirus (MNV) is a highly contagious,
environmentally resilient single-stranded positive-sense,
nonenveloped RNA virus in the family Caliciviridae and
genus Norovirus that infects mice (6). MNV resemble
human noroviruses (HuNoV), which cause the most
contagious  nonbacterial  gastroenteritis  outbreaks
globally. Due to tissue culture and animal model
limitations, noroviruses have been poorly investigated
despite their public health importance. Since MNV-
1 was discovered in 2003, reverse genetics systems,
cell culture models, and small animal models have
been developed to aid norovirus research (6). MNV
replicates in intestinal enterocytes, macrophages, and
dendritic cells (9). MNV-1 causes acute infection,
while MNV-2, MNV-3, and MNV-4 cause persistent
illness (10). Since inflammation and lipid metabolism
cause atherosclerosis, any infectious agent that causes
inflammation can exacerbate atherosclerosis (41).

The major source of foam cells in atherosclerotic
plaque are macrophages, which express CD88, CD36,
and CD11b. C5a, a powerful inflammatory agent,
stimulates CD88 activation. CD88, in turn, draws
immune cells to the inflammation site within the arterial
wall. The activation of CD88 enhances inflammation
and infiltration of immune cells, contributing to the
atherosclerosis ~ progression  (12).  Atherosclerosis
necessitates macrophages to take up oxLDL via the
scavenger receptor CD36 leading to the foam cells
formation (13). CD11b, a subunit of integrin aMB2 (Mac-
1), aids leukocyte migration to plaque inflammatory
sites by adhering to endothelial cells (14). Currently,
only MNV-4 infections’ influence on atherosclerosis has
been studied in vitroor in vivo(39-41). MNV-4 increased
atherosclerotic plaque macrophages, which produce
foam cells (39). MNV-4 infection regulates macrophage
cholesterol absorption and export (40). MNV-4 infection
exacerbates atherosclerosis in low-density lipoprotein
receptor (LdIr”) mice fed with an atherogenic diet (39).
This study objectively explores how CD36 expression
impacts cholesterol metabolism, particularly the uptake
of oxLDL, during MNV infection and its implications for
atherosclerosis development. Our results suggest that

the decrease in CD36 expression, observed in response
to combined treatment with MNV-3 and oxLDL, inhibits
foam cell formation and diminishes oxLDL uptake.
This study shows for the first time the ability of MNV-
3 to affect atherosclerosis development by influencing
macrophage surface proteins (CD88, CD36, and
CD11b).

MATERIALS AND METHODS

MNV-3 recovery

The DNA-based reverse genetics approach published
by Yunus et al. (2010) was modified to recover MNV-3.
Briefly, 7.5 x 10° BSR-T7 (obtained as a kind gift from
Professor lan Goodfellow, University of Cambridge)
cells/well in complete DMEM (Gibco™, USA) with 1 mg/
ml G418 were seeded into a 6-well plate and incubated
overnight at 37 °C, 5% CO2. The medium was removed
on the next day and the cells were incubated with 1
mL of fowlpox virus expressing T7-RNA polymerase
(FPV-T7) at the multiplicity of infection (MOI) of 0.5 to
1 pfu/cell in antibiotic-free DMEM (10% FBS Gibco™,
USA). The unattached FPV-T7 was removed after 1
hour (h) of incubation. Cells were washed twice with
antibiotic-free DMEM (10% FBS). Cells were replenished
with 3 mL of fresh antibiotic-free DMEM (10% FBS) and
transfected with 1.5 pg/well of MNV-3 cDNA plasmid
harbouring wild type MNV-3 genome (GenBank
accession no. JQ658375) using Lipofectamine 3000
reagent (Invitrogen, USA). Cells were incubated for 48
h at 37 °C, 5% CO2. Virus yield was determined by the
50% tissue culture infective dose (TCID50) method.

Maintenance of RAW 264.7 cell lines

The ATCC-purchased murine macrophage RAW 264.7
cell line was cultured in 10% FBS, 1% antibiotics (250
U/mL penicillin, 250 g/mL streptomycin), and 1%
HEPES TM. The RAW 264.7 cells (passage 15) were
seeded in 75 cm? DMEM-containing cell culture flasks.
The cells were then incubated at 37°C in an incubator
with 5% CO,. Confluent cells were split and cultivated
at the appropriate density in cell culture flasks for future
experiments.

MNV-3 infection and oxLDL treatment of RAW 264.7
cells

A day before treatment, 1.0 x 106/well RAW264.7 cells
were seeded in a T mm six-well plate. The cells were
then subjected to infection with MNV-3 (MOI of 0.5)
for 1 hour at 37 °C, 5% CO,. Subsequently, the infected
cells were treated with 80 pg/ml of oxLDL (Thermo
Fisher Scientific Aldrich, UK) and experimental plates
were incubated at 37°C in 5% CO, for 24 hours.

PCR detection of MNV-3 genome

The total RNA was isolated using TRIzol® reagent and
transformed to cDNA using Bioline, UK’s Tetro cDNA
synthesis kit. PCR reaction had 1X Green GoTaq Flexi
Buffer, 2 mM MgCl2, 0.2 mM dNTPs, 0.5 pM upstream
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and downstream primers, and 1.25 U of GoTaq DNA
Polymerase. For a 25 pL PCR reaction, 1 pL of cDNA
was utilized as a template. This reaction was subjected
to thermal cycle conditions (Initial denaturation 95 °C 2
min in 1 cycle; Denaturation 95 °C 30 sec in 25 cycles;
Annealing 70.4 °C 30 sec in 25 cycles; Extension 72 °C
1 min 25 cycles and Soak 4 °C infinity) using specific
MNV-3  primers (Table ). Extra reaction targeting
GAPDH was used as a control.

Table I : List of primer sequences

The sources of primer sequences are stated as citation in the
‘reference’ column whilst the own-designed primers are des-
ignated as ‘in house’.

Gene Polarity Sequences (5’---3') Reference
F TCCGGTAGCATCAACAACAT
cb11b R GGTGAAGTGAATCCG- (44)
GAACT
F ATGAACTCCTTCAATTATACC
cbss R TGGTGGAAAGTACTCCTC- 42
CCG
F GATGACGTGGCAAAGAA-
CD36 R CAG (46)
TCCTCGGGGTCCTGAGTTAT
F GGGCGATTGTGGTTGC-
CCCTATGTCTACAAGAAAGG
MNV-3 R “in house”
GCCACGCGGCTCTGAGTAG-
GGCTTGAGCTGGTCCCGC
F AGAACATCATCCCTGCATCC
Mouse “in house”
GAPDH R CACATTGGGGGTAGGAA-
CAC

F denotes as forward primer
R denotes as reverse primer

Measurement of MNV-3 titer

The MNV-3 titer was measured using the TCID50
method following the established protocol (43). Briefly,
serial dilution of virus supernatant was done in a 96-
well plate using antibiotic-free DMEM (10% FBS) as the
diluent. The dilutions ranged from 10" to 10® in 50 pL
of medium and were subsequently overlaid with 1 x
10* RAW 264.7 cells in 100 pL antibiotic-free DMEM
(10% FBS) of each well. The plates were incubated at
37 oC for 5 days. The appearance of the cytopathic
effect (CPE) was observed and scored using microscopic
visualization. The MNV-3 titers were calculated
following the Reed and Muench method, 1938.

Western blotting

Samples were obtained by lysing cells in
radioimmunoprecipitation assay buffer (RIPA - 50 mM
Tris=HCI pH 8.0, 150 mM NaCl, 1T mM EDTA, 1%
Triton X-100 and 0.1% SDS). The bicinchoninic acid
(BCA) protein assay (Pierce) was employed to quantify
the protein in the lysates. From each lysate, an equal
amount of protein was added to the SDS sample buffer
and the proteins were separated by SDS-PAGE. Proteins

were transferred to polyvinylidene fluoride (PVDF)
Immobilon-P transfer membrane (Millipore) for detection
using Enhance Chemiluminescence (ECL) reagents
by semi-dry blotting according to the manufacturer’s
instructions (Biorad). Subsequently, the membrane was
blocked with blocking buffer (PBST; 0.1% Tween 20 in
PBS containing 5% w/v milk powder) and probed for
the MNV VP2 or mouse GAPDH using rabbit anti-MNV
VP2 (non-commercial antibodies) or GAPDH (Thermo
Fisher) serum respectively. The secondary, horseradish
peroxidase (HRPO) conjugated antibody was detected
by enhanced chemiluminescence (ECL; Amersham-
Biosciences).

Oil red O (ORO) staining

ORO staining determined foam cell formation under
a microscope. ORO stock solution was made by
dissolving 0.5 g ORO powder (Amresco, USA) in 100
mL isopropanol. Briefly, cells were washed with 2 mL
of 1XPBS after 6-well plate media were aspirated. A
2pL fixative solution (10% formaldehyde in 1X PBS)
was applied to cells and incubated at room temperature
for 40 minutes. The cells were then washed twice with
2 mL of 1X PBS and rinsed for 5 minutes with 60%
isopropanol. One mL ORO working solution was added
to cells and incubated at 37 °C for 1 h. Destained cells
with 1 mL of 60% isopropanol for 15 seconds and
were washed twice with 2 mL of 1X PBS after removing
excess ORO. Hematoxylin (2 mL) was added to cells
and incubated for 1 min at room temperature. Following
hematoxylin removal, cells were washed twice with 2
mL of 1X PBS. Before microscopy, 1 mL of 1X PBS was
added to the plate.

Total cholesterol esterification (TCE) quantitation

The TC quantitation was performed using the Amplex
Red Cholesterol Assay Kit (Life Technologies, USA)
according to the manufacturer’s instructions. Briefly,
standard cholesterol concentrations (0-8 pg/mL) and
cholesterol-containing samples were diluted in 1X
Reaction Buffer. Then 50pL of these prepared cholesterol
standards and samples were pipetted into wells of the 96-
well plate. In 1X Reaction Buffer, a 300 pM Amplex Red
solution with 2 U/mL HRP, 2 U/mL cholesterol oxidase,
and 0.2 U/mL cholesterol esterase was prepared. For
each reaction, 50 pL of the working solution was added
to wells containing samples and standards. The reaction
was incubated for 30 min at 37 °C, protected from light.
Fluorescence intensity was measured using an Omega
microplate reader (BMG Lab tech, Germany) using
excitation at ~545 nm and emission detection at ~590
nm.

Measurement of TNF-a, IL-1B, IL-6, TGF-B secretion
level

The secreted cytokines in supernatant samples were
measured using ELISA following the manufacturer’s
instructions (Thermo Fisher Scientific, USA). In brief,
100 pL of capture antibody was coated on a 96-well
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ELISA plate and incubated overnight at 4°C. Following
incubation, each well was washed three times with
300 pL wash buffer and blotted with clean absorbent
paper to remove any leftover buffer. After blocking with
200 pL of 1 X ELISA diluent per well, the plate was
incubated at room temperature for 1 hour. Wells were
properly cleaned with a wash buffer. To establish the
standard curve for eight points, a 2-fold serial dilution
was performed starting with the highest standard
concentration at the first well. Next, 100 pL of the
supernatant sample (or 1X ELISA diluent as blank) was
added to the wells and incubated overnight at 4°C.
Post-incubation, each well of the 96-well plate was
washed with 300 pL wash buffer and blotted with clean
absorbent paper. After addition of 100 pL of detection
antibody, the plate was incubated at room temperature
for 1 hour. After washing four times with wash buffer, 10
pL Avidin-HRP was added the each well and incubated
for 30 minutes at room temperature. The wells were then
washed six times in wash buffer and 100 pL of 1X TMB
solution was added to each well and left for 15 minutes
at room temperature. A 50 pL stop solution was added to
halt the reaction and 450 and 570 nm microplate reader
optical density measurement followed.

Measurement of CD88, CD36 and CD11b surface
protein levels

The cells in 6 well-plates (in 500 pL complete RPMI
medium) were transferred into flow cytometry tubes.
Cells were pelleted by centrifugation at 1500 x g for 5
minutes and supernatant was removed. Staining buffer
(500 pL for untreated and 200 pL for treated samples)
was added to each tube to mix the cells. The 300 pL
of the untreated sample was transferred to a new tube
and labelled as unstained. Then, 2 pL of CD11b-FITC,
CD88-APC and CD36-PE anti-mouse (BD Biosciences,
USA) were added to each tube and were mixed well.
The tubes were wrapped with aluminium foil and
incubated at 4°C for 30 minutes. Then 1 ml of 1X PBS
were added to the tubes and centrifuged at 1500 x g
for 5 minutes. Supernatants were discarded and 300 pL
staining buffer was added into all tubes before being
subjected to analysis using a BD Flow cytometer (BD
Biosciences Franklin Lakes, NJ, USA).

Measurement of CD88, CD36 and CD11b mRNA
expression level

Total RNA was extracted from the cells using TRIzol®
reagent (Thermo Fisher Scientific, USA) and then
converted to cDNA using the ReverTra Ace™ gPCR
RT Master Mix with gDNA Remover kit (Toyobo Co

LTD, Osaka, JAPAN) according to the manufacturer’s
protocol. The gPCR was performed to measure the
relative mRNA expression using Thunderbird™ Next
SYBR® gPCR Mix (Toyobo Co LTD, Osaka, JAPAN)
by following the manufacturer’s instructions. Reaction
mixtures were prepared in a final volume of 20 pL.
The fluorescence intensity was measured by Bio-Rad
CFX96 Touch™ Deep Well (Bio-Rad, USA). The thermal
cycling condition used was; pre-denaturation at 95°C
for 30 seconds for 1 cycle, denaturation at 95°C for 5
seconds at 40 cycles, annealing at 65°C for 30 seconds
and extension at 60°C for 30 seconds. Relative mRNA
expression was calculated using the AACt method
and the housekeeping gene GAPDH was used for
normalization. The list of the primers for the target and
housekeeping gene is shown in Table I.

Statistical analysis

Statistical analysis was carried out using Graph Pad
Prism Version 9.5.1 software. Values were presented
as mean = SD from three independent experiments and
were analysed using one-way ANOVA followed by
the Bonferroni Post Hoc Test. P<0.05 was statistically
significant.

RESULTS

Successful production of infectious recombinant MNV-3
Transfection of 1.5 pg MNV-3 cDNA plasmid into
approximately 1.5 x 10° BSR-T7 cells for 48 h successfully
yielded + 1.54 x 10° TCID50/mL MNV-3. The recovered
MNV-3 was propagated in RAW 264.7 cells and
passage number 4 virus was employed in all infection
experiments in this study. The propagated MNV-3 was
characterized using a single-step virus growth curve
to demonstrate the infectivity and replication kinetics
of MNV-3 in RAW 264.7. Figure 1A shows the virus
replication in RAW 264.7 cells infected at MOI of 4.
MNV-3 replication peaked at 24 hours post-infection
(hpi) as indicated in the TCID50 measurement (Fig.
1A). Semi-quantitative PCR analysis of partial MNV-3
NS 6-NS 7 genomic region also corresponded to the
pattern of virus titer where the highest detection of PCR
amplicon was observed at 24 hpi (Fig. 1B). Besides,
Western blot analysis of the viral VP-2 protein from cell
lysate demonstrated an increased accumulation of the
viral protein across the incubation time points (Fig. 1C).
The infectious recombinant MNV-3 characterized above
was employed in the subsequent experiments aimed at
determining its effects in the formation of foam cells in
RAW 264.7.
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Figure 1: Characterization of infectious MNV-3 particles recovered
using DNA-based reverse genetics. (A) MNV-3 single-step growth
curve represented by MNV-3 titer quantitated using TCID50. RAW
264.7 cells were infected at MOI of 4 with MNV-3 recovered by
DNA-based transfection. MNV-3 titers at 5-time points indicate the
infectivity and robustness of MNV-3 replication that peaked at 24
hpi. Error bars represent the standard deviations of triplicates. (B)
Detection of MNV-3-specific RNA expression of size 342 kb at all-
time points on lanes 2 to 6. Lane 7 is a mock-infected sample. (C)
Detection of MNV VP2 protein with an approximate size of 22 kDa
and 36 kDa positive control protein GAPDH across time points on
lanes 1 to 5. On lane 6 is a mock-infected sample. Mock-infected
samples were collected at 72 hpi. The notion that GAPDH protein
expression is undetectable at 48 and 72 hpi indicates protein
degradation due to substantial cell death at 48 and 72-time points,
but it turns out that the protein is not degraded at the 72hrs time
point because of its stability in the mock samples.

MNV-3 replicates efficiently in RAW 264.7 cells as
measured by genome detection and virus titration

As can be seen in Fig. 2A, amplicons (Lanes 2 and 3)
that correspond to the 342 bp segment of the MNV-
3 subgenomic are observed in all MNV-3-infected
samples. However, MNV-3 subgenomic gene amplicons
were absent in uninfected samples (lanes 4 and 5).

MNV-3 titers produced in all infected samples at 24hr
incubation were approximately 1 x 10° TCID, /ml (Fig.
2B). We observed a significant reduction effect (P<0.05)
of MNV-3 titer in samples with oxLDL treatment with
the average titer of 3.9 x 10° TCID, /ml.
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Figure 2: MNV-3 infection were verified in the Treated and Untreated
RAW 264.7 macrophage cells. (A) MNV-3 genomic amplicons were
visualized on EtBr-stained 1.5 % agarose gel electrophoresis and
under UV from RAW 264.7 macrophage cells for 24 hours. MNV-3
+ oxLDL (L2); MNV-3 (L3); OXLDL (L4); untreated (L5) and Positive
control (L1). (B) The MNV-3 viral titer was significantly reduced by
oxLDL after 24h incubation. The values represent the mean + SD.
Levels of significance as indicated ***P <0.001. The experiment was
performed three times.

MNV-3 infection reduced macrophage-derived foam
cell formation

We used the ORO staining method and TCE assay to
assess oxLDL uptake by RAW 264.7 cells which are
indicatives of foam cells formation. Upon ORO staining,
we observed accumulation of red-stained lipid droplets
in oxLDL-treated RAW 264.7 cells (Fig. 3Aiii), infected
with MNV-3 (Fig. 3Aii), or both oxLDL and MNV-3
infected cells (Fig. 3Aiv) after 24 hours of incubation.
In the ORO staining result obtained, we also observed a
relative difference of lipid droplet accumulation for RAW
264.7 cells treated with oxLDL versus oxLDL-untreated
cells whereby there were very minimal red-stained lipid
droplets can be seen in the cells cytoplasm for the later
(Fig. 3Ai). To supplement our ORO staining results, we
conducted a TCE assay to examine cholesterol levels in
treated and untreated cells. Our findings show a notable
decline in total cholesterol levels subsequent to MNV-3
infection of oxLDL-treated RAW 264.7 cells (Fig. 3B).
This observation indicates that MNV-3 infection in
RAW 264.7 cells somehow could potentially negatively
regulate cholesterol uptake and accumulation within
the cell’s cytoplasm. In the presence of oxLDL, MNV-
3 infection resulted in a significant decrease (P<0.05)
in TC level compared to oxLDL-alone at the 24-hour
incubation period (Fig. 3B).
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Figure 3: The oxLDL induces the formation of macrophage-derived
foam cells while MNV-3 infection reduces the total cholesterol in
oxLDL-treated RAW 264.7 cells. (A) Foam formation in treated and
untreated samples at 24 h post-treatment is visualized; (i) Untreated,
(i) MNV-3-treated, (iii) oxLDL-treated, and (iv) MNV-3 + oxLDL
treated. A 50um scale was used to visualize samples under 20x light
microscopy. OxLDL-treated samples had lipid droplets, while non-
oxLDL samples did not. (B) MNV-3 infection significantly decreased
(P<0.001) TC levels in oxLDL-treated cells. The RAW 264.7 cells were
lysed in RIPA buffer and assessed TCE with a commercial kit. Results
are presented as mean = SD from three independent studies (n=3).
*P < 0.001 oxLDL vs. oxLDL + MNV-3; ****P < 0.0001 untreated vs
MNV-3 alone.

Effect of MNV-3 infection on the expression of surface
proteins involved in RAW 264.7

All RAW 264.7 cells, treated or untreated, were
stained with antibodies against the surface proteins of
macrophages (CD88-APC, CD36-PE, and CD11b-FITC).
Subsequently, their expression level was examined using
Fluorescence-activated cell sorting (FACS) analysis. This
study showed a 30.0%-40.0% increase in the expression
percentages of CD11b*CD88* and CD11b*CD36* in
oxLDL-treated RAW 264.7 cells when compared to the
untreated group (Fig. 4A). In the presence of oxLDL,

MNV-3 infection dramatically reduced macrophage-
expressing percentiles of CD11b*CD88*to 2.76% and
CD11b*CD36* to 5.09% as shown in Fig. 4A. MNV-
3 infection in combination with oxLDL significantly
reduced (P<0.05) the expression of CD88 and CD36,
while CD11b was significantly upregulated (Fig. 4B).
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Figure 4: The effect of MNV-3 infection and/or oxLDL treatment
on the appearance of CD88, CD36 and CD11b cell surface markers
of RAW 264.7 cells. (A) The RAW 264.7 macrophage cells treated
with a combination of MNV-3 and oxLDL decreased the percentage
expression of CD11b+CD88+ cells and CD11b+CD36+ cells. The
values represent the mean + SD. Levels of significance are indicated
as follows: **P < 0.01; ***P < 0.001. (B) The RAW 264.7 macrophage
cells treated with a combination of MNV-3 and oxLDL decreased
the expression of macrophage protein surface markers CD88, CD36
and CD11b 24h post-treatment as measured by mean fluorescence
intensity (MFI). The values represent the mean + SD. Levels of
significance are indicated as follows: *P < 0.05; ****P < 0.0001. The
experiment was performed three times.

MNV-3 infection decreased CD88 and CD36 but raised
CD11b mRNA in oxLDL-treated RAW 264.7

Our data shows that compared to untreated cells, oxLDL-
treated RAW 264.7 cells had a significantly higher
CD36 mRNA expression of 18.4 (Fig. 5). However,
the combination of MNV-3 with oxLDL significantly
(P<0.05) downregulates the mRNA expression of
CD36 to 3.2. Likewise, the combination of MNV-3
with oxLDL significantly (P<0.05) reduces the relative
gene expression of CD88 to 0.21. In contrast, MNV-3
infection with oxLDL dramatically (P<0.05) increased
CD11b mRNA expression from 2.82 to 14.91. Our
observations in the qPCR analysis validate the results
obtained from the FACS analysis.
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Figure 5: The effect of MNV-3 infection on the relative gene
expression level of macrophage surface protein-encoding gene in the
presence of oxLDL. The RAW 264.7 macrophage cells treated with
a combination of MNV-3 and oxLDL downregulate the relative gene
expression of CD88 and CD36 while upregulating the relative gene
expression of CD11b 24h post-treatments. The values represent the
mean + SD. Levels of significance are indicated as follows: **P < 0.01,
***P < 0.001. The experiment was performed three times.
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MNV-3 infection reduced the secretion of TNF-a, IL-
1B and IL-6 but increased TGF- in the supernatant of
oxLDL-treated RAW 264.7

We found the oxLDL treatment significantly increased
TNF-a secretion (582.72 pg/mL) in RAW 264.7
supernatant compared to the untreated cells (Fig. 6).
MNV-3 infection revealed asignificant decrease in TNF-a
(397.21 pg/mL) release in oxLDL-treated RAW264.7 cells
after 24 hours. OxLDL-treated RAW264.7 cells secreted
more IL-1B (190.6 pg/mL) in their supernatant compared
to the untreated cells. MNV-3 infection on oxLDL-treated
RAW264.7 cells reduced IL-1B secretion (149.81 pg/mL)
in the supernatant but not significantly. The MNV-3 and
oxLDL combination significantly (P<0.05) decreased
IL-6 secretion from 340.22 to 275 pg/mL. The MNV-3
and oxLDL combination significantly (P<0.05) increases
TGF-B levels in the supernatant from 100.58 to 435.65
pg/mL, indicating anti-inflammatory effects.

800
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E3 MNV-3 + oxLDL
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Figure 6: MNV-3 infection with oxLDL dramatically reduced TNF-a,
IL-1B, and IL-6 secretion while increasing TGF-B 24h post-treatment.
MNV-3 infection decreases the secretions of IL-1B, IL-6 and TNF-a
but increases the secretions of TGF-B in the supernatant of oxLDL-
treated RAW 264.7 macrophage cells. The values represent the mean
+ SD. Levels of significance are indicated as follows: *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001. The experiment was performed
three times.

DISCUSSION

Atherosclerosis development is linked to inflammation
and cholesterol, and macrophages’ role in driving
inflammation and cholesterol metabolism has been
thoroughly investigated and documented (8, 15). MNV
infects macrophages and dendritic cells and is prevalent
in animal research facilities worldwide. MNV may
complicate disease models since macrophages and
dendritic cells are critical to atherosclerosis development
and Specific Pathogen-Free (SPF) mouse facilities do
not reliably remove MNV. Initially thought to afflict
intrinsically defective mice, MNV can also impact
immunological responses in immunocompetent mice
(16). MNV may affect atherosclerosis via immunological
responses and macrophage tropism.

This study proves that MOI of 0.5 was sufficient to
infect RAW 264.7 cells and increase the MNV-3 titer
post infection. This observation corresponds to studies
by Wobus et al., (2004) who found MNV infects and
replicates in macrophages and dendritic cells (7).

OXLDL decreased MNV-3 titres in RAW 264.7 cells after
24h, suggesting it might inhibit replication of MNV-3.
Changotra et al., (2009) reported that virus-infected
cells secrete IFN-y, suggesting that MNV-3-infected cells
may also release IFN-y in response to oxLDL, possibly
decreasing  MNV-3 replication (42). The cytokines
produced after MNV-3 combined with oxLDL may have
activated adaptive immunity and lowered the titer. In
mice, activated CD8+ T cells and elevated IFN-A led to
lower viral loads and MNV eradication (18).

Our study found foam cell macrophages and lipid droplet
production in the perinuclear and cytoplasm following
24h oxLDL treatment. Cells without oxLDL may exhibit
ORO staining below the threshold. This confirms prior
findings that oxLDL-treated samples had higher TC
levels 24 hours after treatment (19, 20). Similarly, in
mouse peritoneal macrophages, oxLDL increased total,
free, and esterified cholesterol in comparison to controls
(21). MNV-3 dramatically reduced cell TC content in our
investigation. This was unexpected since MNV-3 was
thought to raise intracellular cholesterol as observed in
other viral strains (22). This difference shows that MNV
strains may regulate the cholesterol pathway differently
for infection and reproduction. The disparity between
the two studies could potentially be elucidated by the
inconsistency between the passages utilized in our
investigation.

Our study shows that MNV-3 with oxLDL reduces
lipid uptake, immune cell recruitment, and activation
by downregulating CD36, CD88, and CD11b surface
protein. This may be because MNV-3 modulates cell
surface receptor expression, initiating macrophage
antiviral immunity. In the presence of oxLDL, MNV-3
may activate alternative signalling pathways like TLR (23)
to suppress these surface markers. Similarly, influenza A
virus lowers human macrophage CD36 expression (24).
In contrast, another study (22) found that MNV-4 affects
CD36 expression in oxLDL-treated macrophages. CD36
cell surface protein and mRNA were also shown to be
increased by oxLDL and P. gingivalis LPS (25).

Proinflammatory cytokines like TNF-a, IL-1B, and IL-6
inhibit lipid breakdown, causing foam cell formation
in macrophages (26). Likewise, TNF-a, IL-6, and IL-1B
increase TC and intracellular triglyceride levels in cells
(27). High levels of TNF-a, IL-6, and IL-1B may lead to
atherosclerosis (28). In our study, we found that oxLDL-
treated RAW 264.7 cells had high levels of TNF-a, IL-6,
and IL-1B. In contrast, MNV-3 dramatically decreased
TNF-a, IL-6, and IL-1B secretion in RAW264.7 treated
with oxLDL. In oxLDL-treated macrophages, MNV-3
reduced TC concentration and protein surface marker
by inhibiting proatherogenic cytokines TNF-a, IL-6, and
IL-1B and promoting TGF-B an antiatherogenic cytokine.
A previous study (29) indicates that higher inflammatory
cytokines (TNF-a, IL-6, and IL-1B) promote cholesterol
and macrophage foam generation.
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Similar to our findings, Ramji and Davies (2017) found
that inhibiting proinflammatory cytokines in ApoE-
/- mice reduced atherosclerosis and proinflammatory
gene expression (30). Another study found that
deleting the IL-1B gene in ApoE-/- mice reduces plaque
formation (31). In ApoE-/- mice, IL-1B monoclonal
antibodies decrease atherosclerosis in vitro and prevent
plaque formation (32). Another study indicated that
inhibiting IL-6 trans-signalling reduced endothelial cell
activation, SMC infiltration, and monocyte recruitment,
reducing atherosclerosis (33). In ApoE-/- mice, TGF-B
overexpression reduces atherosclerosis by lowering
T-cells, macrophages, and inflammatory cytokines
(34). ApoE-/- TNF-a deficiency lowers atherosclerosis,
foam cell reduction, and pro-inflammatory marker
expression (35). Transplantation of TNF receptor-
deficient bone marrow in mice lowers foam cell and
pro-inflammatory marker-related atherosclerosis (36).
In ApoE”~ mice fed 10 weeks, TNFa deletion led to a
50% reduction in atherosclerotic lesion size relative to
controls (36). Atherosclerosis can be exacerbated by
inflammatory cytokines TNF-a, IL-6, and IL-1B, which
are linked to foam cell formation. In contrast, TGF-B
protects by reducing or preventing inflammation. The
complex interplay of CD88, CD11b, and CD36 surface
proteins mediates macrophage foam production and
inflammation during atherosclerosis. Our study found
that MNV-3 infection suppresses CD88, CD36, and
CD11b expression, reducing inflammation and foam
cell generation. This effect is achieved by reducing
TNF-a, IL-6, and IL-1B production and increasing TGF-
release.

CONCLUSION

In conclusion, oxLDL exposure induces the upregulation
of CD36, CD88, and CD11b surface proteins in RAW
264.7 cells, while combined treatment of MNV-3
and oxLDL leads to the reduction of these surface
proteins at both protein and mRNA levels following
a 24-hour incubation period. MNV-3 alone does not
impact CD88 and CD11b surface protein or mRNA
expression; however, it significantly decreases CD36
mRNA expression. In combination with oxLDL, MNV-
3 decreases the secretion of proinflammatory cytokines
TNF-a, IL-6, and IL-1B, while increasing TGF-B
levels. These results suggest that MNV-3 and oxLDL
collaboratively decrease proinflammatory cytokines
and elevate anti-inflammatory cytokines, thereby
regulating CD88, CD36, and CD11b expression. This
research provides valuable insights into the complex
interplay between viral infections and host cellular
responses in the context of atherosclerosis. MNV-3
infection demonstrates an anti-inflammatory reaction in
the presence of oxLDL, indicating potential biomedical
implications.
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