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ABSTRACT

Lipid droplets (LDs) are organelles involved in lipid storage,
maintenance of energy homeostasis, protein sequestration, signaling
events and inter-organelle interactions. Recently, LDs have been
shown to favor the replication of members from different viral families,
such as the Flaviviridae and Coronaviridae. In this work, we show that
LDs are essential organelles for members of the Arenaviridae family. A
virus-driven reduction of LD number was observed in cultures infected
with Junin mammarenavirus (JUNV), caused in part by action of the
viral nucleoprotein. Notably, we identified a new pool of nucleoprotein
and viral RNA that localizes in the vicinity of LDs, suggesting that
LDs play a role during the viral replication cycle. Regarding the
mechanism behind LD exhaustion, we found evidence that lipophagy
is involved in LD degradation with the resulting fatty acids being
substrates of fatty acid p-oxidation, which fuels viral multiplication. This
work highlights the importance of LDs during the replication cycle of
JUNV, contributing to the knowledge of the metabolic changes these
mammarenaviruses cause in their hosts.
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INTRODUCTION

Lipid droplets (LDs) are cellular organelles consisting of a neutral
lipid core surrounded by a monolayer of phospholipids and
cholesterol. Different proteins are located on their surface, but those
belonging to the perilipin family are the most prominent. Perilipin 1
(PLINT), which is expressed in adipocytes, and perilipin 2 (PLIN2),

"Laboratorio de Procesos Moleculares de la Interaccion Virus-Célula,
Departamento de Quimica Biologica (QB), Facultad de Ciencias Exactas y
Naturales (FCEyN), Universidad de Buenos Aires (UBA)-Instituto de Quimica
Biologica de la Facultad de Ciencias Exactas y Naturales (IQUIBICEN)-Consejo
Nacional de Investigaciones Cientificas y Técnicas (CONICET), Buenos Aires,
C1428EHA, Argentina. 2Laboratorio de Estrategias Antivirales, Departamento de
Quimica Bioldgica (QB), Facultad de Ciencias Exactas y Naturales (FCEyN),
Universidad de Buenos Aires (UBA)-Instituto de Quimica Biologica de la Facultad
de Ciencias Exactas y Naturales (IQUIBICEN)-Consejo Nacional de
Investigaciones Cientificas y Técnicas (CONICET), Buenos Aires, C1428EHA,
Argentina. *Bernhard Nocht Institute for Tropical Medicine, 20359 Hamburg,
Germany. “German Center for Infection Research (DZIF), Partner Site Hamburg-
Lubeck-Borstel-Riems, 20359 Hamburg, Germany. °J. David Gladstone Institutes,
San Francisco, CA 94158, USA. SLaboratory for Arenavirus Biology, Institute of
Molecular Virology and Cell Biology Friedrich-Loeffler-Institut, 17493 Greifswald-
Insel Riems, Germany.

*These authors contributed equally to this work

*Author for correspondence (scordo@qb.fcen.uba.ar)

C.A.V.,0000-0002-1120-8478; B.E., 0000-0003-3655-0525; J.M.H., 0000-0001-
71563-9212; K.E.L., 0000-0003-2424-0458; A.G., 0000-0001-9528-5130; M.O.,
0000-0002-5697-1274; L.O., 0000-0003-0098-7485; C.M., 0000-0002-7725-2586;
C.C.G., 0000-0002-6431-7176; S.M.C., 0000-0002-0652-0803

Handling Editor: Michael Way
Received 8 November 2023; Accepted 11 September 2024

which is expressed ubiquitously, are marker proteins for LDs
(Itabe et al., 2017). These organelles have a central role in lipid
storage and energy homeostasis but are also involved in an
expanding range of cellular processes. They play important roles in
signaling events, short-term protein sequestration, and inter-organelle
interactions (Fujimoto and Parton, 2011). Importantly, LDs also
contribute to antiviral innate immune pathways, although further
comprehensive studies are required (Monson et al., 2021a,b).

LDs are also exploited by different viruses to support their
replication. The Flaviviridae is one of the better studied viral
families in relation to LDs. Hepatitis C virus (HCV) induces
LD accumulation (Harris et al., 2011), and there are reports of
dengue virus (DENV) and Zika virus (ZIKV) inducing both an
increase (Samsa et al., 2009; Monson et al., 2021a) as well as a
decrease (Jordan and Randall, 2017; Garcia et al., 2020) in LD
abundance. Given that LDs are such diverse and dynamic
organelles, differences between cell lines and biphasic behaviors
could explain these opposing phenotypes (Stoyanova et al., 2023).
As for the mechanisms behind these changes, some flaviviruses
have been shown to induce the degradation of LDs through lipolysis
and manipulate their biogenesis (Zhang et al., 2017). Additionally,
in the case of HCV and DENV, LDs serve as platforms for viral
assembly (Igbal et al., 2018; Samsa et al., 2009).

In addition, the replication of other virus families also has been
shown to be impacted by LDs. For example, it has been shown that
individual viral proteins induce LD accumulation during SARS-
CoV-2 infection (Farley et al., 2022; Wang et al., 2023), whereas the
pharmacological inhibition of LD formation significantly reduces
its replication (Gomes Dias et al., 2020). By contrast, poliovirus
exploits LDs to source the fatty acids needed for the formation of its
own membranous replication structures (Viktorova et al., 2018).

Nevertheless, little is known about the importance of LDs in the
replication cycle of the mammarenaviruses. Mammarenaviruses
encompass those members of the Arenaviridae family that can
infect mammals. Owing to their zoonotic nature, they are mostly
restricted to specific geographic regions and can be controlled but not
eradicated. They comprise a number of important human pathogenic
viruses that cause life-threatening hemorrhagic fevers and which are
classified as ‘Category A Priority Pathogens’ by the USA Centers for
Disease Control and Prevention. Mammarenaviruses are historically
classified into Old World (OW) and New World (NW) complexes
depending on their serological, phylogenetic and geographical
characteristics. Lymphocytic choriomeningitis and Lassa virus
(LASV) are the prototypes of the OW serocomplex, whereas the
non-pathogenic Tacaribe virus (TCRV) is the prototype of the NW
serocomplex. LASV causes a deadly viral hemorrhagic fever, Lassa
fever, and is endemic in some countries of West Africa, posting a
serious health concern in these regions. By contrast, Junin virus
(JUNV) belongs to the NW serocomplex and is the etiological agent
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of Argentine hemorrhagic fever (AHF). It is endemic in Argentina
and has case fatality rates of 15-20% (Enria et al., 2011). Although
an effective live attenuated vaccine has been developed and is
locally produced to prevent AHF in at-risk populations, and a
plasma-banking system allows neutralizing antibody therapy to be
performed on a limited scale within the endemic area, no specific
post-exposure therapy is currently available to treat this disease.
Recently, in January 2020, AHF was diagnosed in a woman in
Brussels (Belgium) who had traveled from Argentina to Europe
while still presenting nonspecific symptoms (Veliziotis et al., 2020).
This case demonstrates the real risk of imported NW arenavirus
hemorrhagic fevers outside of South America, and thus the need to
have therapeutic options available for use also in non-endemic
regions.

The JUNV genome consists of two single-strand RNA molecules
that associate with the nucleoprotein (NP) and the viral RNA
polymerase (L) to form the ribonucleoprotein complex (RNP). The
viral particle also has an envelope into which the viral glycoprotein
complex (comprising GP1, GP2 and SSP) is inserted. This complex
is responsible for receptor binding as well as subsequent fusion
during virus entry. The matrix protein (Z) is located underneath the
virus envelope and drives particle morphogenesis and budding. The
members of this family employ an ambisense coding strategy, with
both their transcription and replication based on the activity of the
viral polymerase as part of the RNP complexes. Although this
process, as well as the rest of the viral life cycle, is presumed to take
place in the cytoplasm of the infected cells, its specific location is
still unknown (revised in Radoshitzky and de la Torre, 2019;
Sepulveda et al., 2022; Kumar et al., 2023).

In addition to viral factors, host factors, such as host proteins,
metabolites and cellular energy sources, also play key roles in
infection. In particular, the replication cycle of JUNV has been
shown to rely on a specific cellular lipid configuration. Data from
our previous studies has shown that treatments that alter general
lipid metabolism diminish virus yield, suggesting an intimate
relationship between viral morphogenesis and lipid availability
(Cordo et al., 1999; Bartolotta et al., 2001; York and Nunberg,
2016). We, and others, have also demonstrated that cholesterol-
enriched membrane microdomains are involved in budding and
infectious JUNV particle production (Cordo et al., 2013; Gaudin
and Barteneva, 2015). Moreover, it has also been shown that
replication-transcription complexes (RTCs) containing newly
synthesized viral RNA are associated with cellular lipids or
membranes (Baird et al., 2012). Furthermore, we have recently
shown that viperin (also known as RSAD?2), a cellular restriction
factor that localizes on the surface of LDs, is upregulated during
JUNV infection. This cellular protein also has antiviral activity
against JUNV and interacts with the viral NP, suggesting that LDs
might be relevant to mammarenavirus infection (Pefia Carcamo
et al., 2018). Thus, the aim of this present work was to investigate
the potential role of LDs during JUNV multiplication.

RESULTS

Effect of LD modulation on JUNV infection

Although all cell types contain LDs, this work was carried out in the
human hepatoma cell line Huh.7, a widely used model for the study
of LD physiology. Protocols for the inhibition or stimulation of LDs
synthesis were implemented. Specifically, the fatty acid synthase
inhibitor C75 was used to reduce cellular LD content (Loftus et al.,
2000; Wang et al., 2005), whereas LD accumulation was stimulated
by the addition of oleic acid (OA) (Brasaemle and Wolins, 2017).
Staining for neutral lipid content with the specific fluorescent

hydrophobic probe Bodipy allowed LDs to be visualized as green
spheres with a cytoplasmic distribution. In a physiological state
(MEM, Fig. 1A), the size and number of LDs varies in individual
cells within the same culture; however, as expected, the abundance
of this organelle was effectively and clearly modulated by both
treatments, consistent with previous reports (Brasaemle and Wolins,
2017; Pena Carcamo et al., 2018). The representative phenotype of
cells stimulated with OA exhibited a significant increase in both the
number and size of LDs (Fig. 1A-C). By contrast, treatment with
C75 led to a significant decrease in LD size (Fig. 1B), but not in
abundance (Fig. 1C).

Once the experimental conditions for LD modulation in Huh.7
cells were established, cell cultures were treated with OA or C75 and
infected to assess the effect of these treatments on viral replication by
plaque assay and RT-PCR of viral genes # and z. Cells were infected
and after 24 hours post infection (h.p.i.), both virus production
and viral RNA synthesis were negatively affected in cultures with
impaired LD biosynthesis (i.e. following C75 treatment), when
compared to the non-treated cultures (Fig. 1D,E). Virus production
was reduced by 55.4% and viral RNA levels were decreased by a
comparable amount. Conversely, lipid-loaded cultures (i.e. following
OA treatment) were able to produce virus titers 58.5% higher than the
non-treated controls. Again here, comparable results were obtained at
the level of viral RNA.

These results, indicating that LDs are important organelles that
impact JUNV multiplication and viral RNA synthesis, led us to
further analyze viral protein expression and localization in cultures
where LD biosynthesis had been modulated. Monolayers were
incubated with OA, C75 or MEM (control), infected with JUNV and
then fixed at 48 h.p.i. for labeling with specific antibodies against the
viral GP1, which binds to the immature, uncleaved protein as well as
the mature glycoprotein (Fig. 1F) or NP (Fig. 1G). Additionally, LDs
were immunolabeled using antibodies raised against PLIN2. PLIN2
belongs to the perilipin family, a group of proteins that are located on
the surface of LDs, and is thus used as a bona fide marker protein for
this organelle (Kimmel et al., 2010). PLIN2-labeled LDs appear as
spherical (green) structures (Fig. 1F,G). Alternatively, in larger LDs,
PLIN2 can be seen forming ring-like structures with unlabeled cores
due to the peripheral localization of this protein. Consistent with our
data optimizing the modulation of LD biosynthesis in response to
chemical treatment (Fig. 1A), LDs were larger and more abundant in
cultures treated with OA, and smaller when treated with C75. When
inspecting the expression of the studied viral proteins, we found that
in addition to the well-known cytoplasmic localization of NP (red), its
staining also suggests a close apposition to PLIN2-labeled LDs
(Fig. 1G, middle column) under conditions where LD biosynthesis
was stimulated (i.e. OA treatment). The magnified area shown in the
inset of Fig. 1G illustrates that these NP puncta can locate in close
proximity to the LD core (delimited with a dotted line).

Impairment of LD biosynthesis, by treatment with C75, produced
no changes in NP distribution but led to a reduced number of infected
cells (Fig. 1G, right column), consistent with its negative impact on
viral RNA synthesis and growth. By contrast, we observed no
difference in the spatial distribution of GP1 in either stimulated or
inhibited conditions when compared to the controls and, in particular,
no localization or proximity to LDs was evident (Fig. 1F).

JUNV NP partially localizes in close apposition to the

LD surface

Although the data in Fig. 1G suggested some small areas of
colabeling of NP and PLIN2 under OA-stimulated conditions, the
interpretation of this pattern as colocalization could not be
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Fig. 1. Modulation of LD biosynthesis and its effect on JUNV replication. (A) Representative microscopy images of Huh.7 cells treated with OA, C75 or
MEM for 24 h. LDs were labeled using the fluorescent probe Bodipy (green), and nuclei were stained with DAPI (blue). Insets show high-magnification
images of LDs. Scale bar: 30 ym. (B,C) Mean LD size (B) and LD number (C) per cell measured in the cultures shown in A. Each circle represents the data
of one individual cell (n=21 cells for MEM, 15 cells for OA and 21 cells for C75 treatment) where the superimposed plot shows the meanzts.d. *P<0.05;
**P<0.01 (Kruskal-Wallis test for non-parametric distribution). (D) Virus yield quantified from cell supernatants of treated and untreated JUNV-infected cells at
24 h.p.i. Results from four independent experiments are shown. Data points joined by a line belong to the same experiment. *P<0.05 (one-way ANOVA
followed by Dunnett’s post hoc test. (E) Quantification of the viral genes n and z in treated and untreated JUNV-infected cells, relative to the housekeeping gene
actin. Fold change from three independent experiments are shown, with the mean marked. *P<0.05 (one-way ANOVA followed by Dunnett’s post hoc test). (F,G)
Representative microscopy images of treated and untreated JUNV-infected cells at 48 h.p.i. Viral proteins, NP and GP1, were immunolabeled in red and the LD-
marker protein, PLIN2 was labeled in green. Nuclei were stained with DAPI (shown in blue). Representative images from three repeats are shown in all cases. In
the middle column of NP images, inset shows magnification of a LD. PLIN2 and NP can be seen on its surface, and the LD core is marked with a dotted line. Scale
bars: 20 pm. (H) Association of viral components with LDs. Representative confocal images of NP and viral RNA in JUNV-infected cells. Nascent RNA, shown in
green, was labeled using click chemistry; LDs (cyan) were labeled with LipidTox Deep Red; viral NP (red) was immunolabeled using specific antibodies. In the
merged image, DAPI-stained nuclei are shown in blue. Inset: detail of NP and viral RNA puncta in apposition to the LD surface (arrows). ROls corresponding to the
LD surface are shown in white. Scale bar: 10 ym. (1,J) Percentage of NP (I) or viral RNA (J) that is localized on the LD surface, paired to the percentage of
fluorescence of a random noise measured in the same location. Each pair of dots joined by a line represents the data of one individual cell quantified in the red
channel (NP), green channel (viral RNA) and a noise image (n=32 cells). *P<0.05 (two-tailed paired t-test).

confidently asserted under these experimental conditions. viral RNA was labeled in JUNV-infected cells using click
Therefore, an approach using confocal microscopy was necessary  technology. Cellular RNA synthesis was inhibited starting at
to reveal the precise position of NP relative to these organelles. 46 h.p.i., after which cultures were incubated with 5-ethynyl
Moreover, taking into consideration that NP is a fundamental uridine prior to fixation at 48 h.p.i., followed by click-labeling
component of the RTCs, we also analyzed whether viral RNA is and NP immunolabeling. LDs were stained with the neutral lipid
also found in the vicinity of LDs. To assess this hypothesis, nascent  probe LipidTox. As expected, viral RNA was found in the
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cytoplasm, colocalizing with NP (Fig. 1H, green and red). Also,
some foci of nascent RNA and NP were found to localize in the
vicinity of LDs (white arrows) but were also detected separated from
these organelles. In order to determine whether this proximity to LDs
was statistically significant and different from what would be
expected from a randomly distributed signal, confocal images were
analyzed using Fiji software (Schindelin et al., 2012). We developed
an analysis algorithm whereby a ring-shaped area with a width of
0.5 pm and immediately surrounding the neutral lipid core of LDs
was defined, representing the LD surface (Fig. 1H, inset, delimited in
white), as well as another area comprising the whole cell. We then
quantified the intensity of NP (Fig. 1H, red) and viral RNA (Fig. 1 H,
green) staining in both areas and calculated the percentage of each
viral component localizing in the proximity of LDs, relative to its total
intensity within the cell. In parallel, the same analysis was performed
using the areas defined for each individual cell and its LDs, but
measuring the intensity of a computer-generated image containing
only noise. For each cell, the percentage of NP or viral RNA
localizing next to LD core was compared to the percentage of random
noise found in the same region. As shown in Fig. 11,J, the levels of NP
and JUNV’s nascent RNA intensity measured in the vicinity of LDs
were significantly higher than the levels of random noise.

JUNYV infection and NP expression lead to a reduction in LDs
We have previously reported decreased PLIN2 expression in cells
infected with JUNV at 48 h.p.i. Imaging of the infected monolayers
allowed us to quantify PLIN2 punctate structures, which suggested a
decrease in LDs in those cells (Pefia Carcamo et al., 2018). There are
reports that in cells infected with other viruses such as DENV,
PLIN2 might be displaced from LDs by viral proteins (Samsa et al.,
2009). Therefore, we intended to expand our previous findings and
perform comparable experiments by labeling these organelles with
a lipid-sensitive probe. Huh.7 monolayers infected with JUNV were
fixed at 48 h.p.i. and then incubated with anti-NP antibodies and
Bodipy. Representative images are shown in Fig. 2A. Further image
analysis classified cells into those expressing viral antigen (JUNV+)
and those not expressing viral antigen (JUNV-—) based on NP
staining. Then, the number of Bodipy-labeled LDs was quantified in
each individual cell. Non-infected control samples were processed
in parallel and similarly analyzed. A raincloud plot shows the raw
data and distribution of LD numbers per cell (Fig. 2B). LD numbers
in JUNV+ cells were significantly lower compared to cells from
mock-infected monolayers (51.4+19.3% decrease; meanss.d.).
Surprisingly, a similar decrease in LDs number was observed in
JUNV - cells from infected monolayers. Thus, when LD abundance
was analyzed with a fluorescent lipid probe, a general depletion
of this organelle was seen in every cell from the infected
monolayers.

In order to compare this novel result with another member of
the mammarenavirus genera, a similar analysis was performed
in monolayers infected with LASV. Cells were labeled, imaged
and classified as for the JUNV-infected samples (Fig. 2C).
Quantification of cellular LD abundance showed that LASV+
cells have 300.3+54.3% more LDs than mock-infected cells. At the
same time, LASV- cells in infected cultures also showed an increase
in LD content of 211.7+43.5% relative to non-infected control cells.
When comparing these two populations, we found that LASV+
cells have 145.9+£31.1% more LDs than LASV— cells from the same
monolayer (Fig. 2D).

To determine whether the innate immune response is involved in
the observed reduction in LDs during JUNV infection (Fig. 2A,B),
we transfected cell monolayers with 10 pg/ml poly(I:C), which

mimics dsRNA molecules. Given that transfection reagents have
been reported to alter lipid homeostasis (Bottger et al., 2015), a
Lipofectamine control was performed to assess its effect on LDs
abundance. This control consisted of treating cells with Lipofectamine
in the same way as was used for poly(I:C) transfection. Monolayers
were fixed at 24 h and 48 h post transfection and then labeled with
Bodipy. Representative images of cultures at 24 h post-treatment are
shown (Fig. 2E). Immunolabeling of poly(I:C), shown in red, allowed
us to confirm the efficiency of the treatment. We observed that
LDs, labeled in green, were present in all conditions. However,
their abundance was significantly higher when the interferon (IFN)
response was activated by poly(I:C) treatment (Fig. 2E).
Quantification showed that at 24 h the mean number of LDs in non-
treated cells was 8.8+8.4 and 16.2+15.7 (mean=s.d.) in cells treated
with Lipofectamine, whereas it increased to 27.2+19.3 in cells
transfected with poly(I:C) (Fig. 2F). After 48 h, no difference was
detected between the different conditions (data not shown). Therefore,
the decrease in LDs observed during JUNV infection is not induced
by the activation of the IFN pathway in response to the infection.

To further examine a possible role for viral proteins in LD
depletion, we studied the effect of independently expressing
different viral proteins on LD abundance. Cell monolayers were
transduced with a lentiviral vector coding for either NP or Z, both
fused to a FLAG tag. An empty vector was used as a control. After
48 h, transduced monolayers were fixed and labeled with an anti-
FLAG antibody to detect the viral proteins and the LD lipid core was
stained with LipidTox (Fig. 2G). LD abundance was quantified in
individual cells expressing either protein. No differences were
found between Z-expressing cells and control cells (vector);
however, cells expressing viral NP showed a significant decrease
in total LDs content (51.6% reduction), relative to the control
(Fig. 2H). Thus, the sole expression of NP is able to induce, at least
in part, the reduction of LDs observed in infected cells (Fig. 2A,B).

With regard to the decrease in LDs content observed in JUNV—
cells, a similar bystander effect on LDs has been previously reported
for other viral models (Chen et al., 2020). This bystander effect could
be caused by the transmission of cellular and viral factors from an
infected cell to its neighboring cells either by intercellular channels or
as soluble factors present in the culture media. We investigated the
second option by harvesting the conditioned medium from cultures
that had been infected for 48 h and inactivating the viral particles
present in them through a brief UV light exposure. We then used this
UV-inactivated conditioned medium to treat cells and quantify their
LD content. As a control, the same process was carried out with
medium from mock-infected cultures (Fig. 2I). The lack of infectivity
in UV-inactivated supernatants was corroborated by plaque assay
(Fig. 2J). Quantification of both the mean Bodipy fluorescence
(Fig. 2K) and the number of LDs per cell (Fig. 2L) showed that cells
treated with UV-inactivated conditioned medium from infected
cultures present fewer numbers of LDs than cultures treated with
UV-inactivated conditioned medium from mock-infected controls.
This allows us to conclude that soluble factors secreted by cells (either
JUNV+ or JUNV-) to their medium are capable of inducing a
reduction in LDs.

Study of lipid metabolism in JUNV-infected cells

We next approached the study of different pathways involved in LD
turnover that might be regulated during JUNV infection (depicted in
Fig. 3A). In particular, there have been reports that infection with
other viral models induces the differential expression of lipid
metabolism-related genes (Sun et al., 2013; Gomes Dias et al.,
2020). We examined the expression of genes coding for proteins
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Fig. 2. See next page for legend.

relevant to LDs synthesis (FASN, DGATI and DGAT2), were not significantly different between JUNV-infected and
degradation (PNPLA2 and CPTIA) or coding for structural non-infected samples.

proteins (PLIN2). Monolayers were mock-infected or infected Autophagy is known to be triggered during JUNV infection
with JUNV, and at 24 h.p.i. samples were harvested as indicated  where it exerts a pro-viral influence (Perez Vidakovics et al., 2019;
in the Materials and Methods section. The expression levels of the  Roldan et al., 2019). However, lipophagy, a selective type of
studied genes were determined by RT-PCR and expressed as autophagy targeted towards LDs, has not been addressed so far but
fold change (Fig. 3B). The transcription levels of the studied genes could serve as a catabolic route leading to LD reduction. As an
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Fig. 2. JUNV infection and NP induce a decrease of LDs.

(A) Representative microscopy images of mock-infected (upper panel) or
JUNV-infected (lower panel) cells. In the merged image, viral NP has been
labeled in red and LDs in green. Scale bar: 30 um (B) Raincloud plot of the
number of LDs per cell in mock-infected cultures, and cells expressing the viral
antigen (JUNV+) or not (JUNV-) from infected cultures. Each dot represents
the data of one individual cell (n=1575 cells for Mock, 270 cells for JUNV+ and
1308 cells for JUNV-). (C) Representative microscopy images of mock-
infected (upper panel) or LASV infected (lower panel) cells. Viral NP was
labeled in red and LDs in green. Scale bar: 30 pm. (D) Raincloud plot of LD
number per cell in mock-infected cultures, and cells expressing the viral
antigen (LASV+) or not (LASV-) from infected cultures. Each dot represents
the data of one individual cell (n=464 cells for Mock, 184 cells for LASV+ and
123 cells for LASV-). In the raincloud plots in B,D, the box represents the
25-75th percentiles, and the median is indicated. The long line represents the
mean. (E) Representative images of cells transfected for 24 h with poly(l:C),
treated only with Lipofectamine or control cells without any treatment. LDs
were stained using Bodipy (shown in green) and poly (I:C) was detected using
an anti-dsRNA antibody (red). Scale bar: 12 ym. (F) Quantification of LD
number per cell of the cultures shown in E. Each dot represents the data of
one cell (n=50 for each treatment). (G) Representative images of cells
transduced with lentiviral vectors expressing either NP or Z. A vector
expressing blue-fluorescent protein was used as a control. Viral proteins were
immunolabeled in red and LDs are shown in cyan. Scale bar: 5 ym.

(H) Quantification of the cultures shown in G. Each dot represents the data of
one individual cell (n=11 cells for the empty vector, 11 cells for NP and 8 cells
for Z). (I) Representative images of cell cultures treated for 24 h with UV-
inactivated supernatants of mock-infected or JUNV-infected cultures. LDs,
shown in green, were labeled using the fluorescent probe Bodipy. Nuclei are
shown in blue. Scale bar: 10 um. (J) Representative images of plaque assay in
16-mm diameter wells. Conditioned medium from JUNV-infected cells, before
and after UV inactivation. (K) Mean fluorescence intensity in the green channel
of cells treated with UV-inactivated conditioned medium, represented in |. Each
data point corresponds to one cell (=30 for each treatment). (L) Number of
LDs per cell in cultures treated with UV-inactivated supernatants originated
from mock- or JUNV-infected cultures. Each data point corresponds to one cell
(n=30 for each treatment). (F, H, K and L) Error bars are meanzs.d.
****P<0.0001; **P<0.01; *P<0.05; ns, not significant (Kruskal-Wallis test for
non-parametric distribution in B, D, F and H). ***P<0.001; ****P<0.0001
(Welch’s t-test in K and L).

indicator of lipophagy, we sought to study whether lysosomes were
involved in LD degradation. JUNV-infected monolayers were
labeled with Lysotracker probe, fixed and JUNV+ cells were
identified with anti-NP antibodies. Representative images of these
samples are shown in Fig. 3C. Again, a reduction in the number of
LDs was noticeable in the infected cells. In infected cells, we found
several instances of colocalization between LDs and lysosomes
(Fig. 3C, inset).

In order to confirm the relevance of autophagy or lipophagy in
the development of this phenotype, we infected cells with JUNV
and then treated them with the well-known inhibitor of autophagy,
chloroquine (CQ), which decreases autophagosome—lysosome
fusion (Mauthe et al., 2018). We found that in infected cultures
treated with 12.5 uM CQ, the levels of LDs were completely
restored and even surpassed those from mock-infected cultures
(Fig. 3D,E). Also, as expected, treatment with CQ reduced viral
titers by one order of magnitude (data not shown). In conclusion,
autophagy, and in particular lipophagy, are mechanisms that lead to
the reduction of LDs in JUNV-infected cells, although the
participation of other pathways should still be investigated.

LD degradation leads to the release of free fatty acids. The
primary pathway for their catabolism is fatty acid B-oxidation (FAO)
(Kloska et al., 2020), which has been described as being important
in the replication of other viruses (Heaton and Randall, 2010;
Manokaran et al., 2020; Zheng et al., 2022). To assess whether FAO
is necessary for JUNV replication, cell monolayers were infected

and treated with etomoxir (ETO), an irreversible inhibitor of this
pathway (Ceccarelli et al., 2011). Supernatants were harvested at
48 h.p.i. and cells were either harvested for RNA isolation or fixed
for immunolabeling. We observed that without a relevant effect on
cell viability (Fig. 4A), treatment with 50 uM ETO reduced viral
RNA levels by 82% (Fig. 4B) and viral yield by up to 97%
(Fig. 4C), indicating that FAO is necessary for efficient virus
multiplication. However, when LD content was analyzed via
immunofluorescence microscopy, we found that ETO treatment did
not prevent the reduction in LD number in JUNV-infected cells,
thus excluding a direct role of FAO on the generation of this
phenotype (Fig. 4D,E).

DISCUSSION

Cellular lipid metabolism, organization and availability are highly
relevant in the context of viral infections. Particularly, the importance
of cholesterol has been widely studied in the replication cycle of
JUNV. Previous studies from our group have shown that cholesterol
availability in infected cells is crucial for proper JUNV replication.
An inhibitor of the 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA)
reductase, lovastatin, inhibits the biosynthesis of cholesterol and has
antiviral activity against JUNV. We further demonstrated that the
resulting cholesterol depletion modified the cell cholesterol-enriched
membrane domains and, in turn, the fate of the JUNV glycoprotein
complex, thus impairing normal viral morphogenesis (Cordo et al.,
2013). Moreover, due to their enhanced lipophilicity, oxysterols
(naturally occurring cholesterol derivatives) can be incorporated into
cell membranes, altering their physical properties and indirectly
affecting membrane proteins (Rentero et al., 2008; Olkkonen and
Hynynen, 2009). We have also demonstrated that cell media
supplementation with oxysterols has a detrimental effect on the
plasma membrane localization of JUNV GP1 (Cordo et al., 2013). In
addition to the cell plasma membrane and cholesterol-enriched
domains, cholesterol is stored in intracellular LDs in the form of
cholesterol esters, and these lipidic structures have been shown to be
key for the replication of several viruses. For instance, atorvastatin,
another reversible inhibitor of HMG-CoA reductase, downregulates
cholesterol, reduces the formation of LDs and impairs the replication
of ZIKV (Stoyanova et al., 2023) and influenza A virus (Episcopio
et al., 2019). LDs are organelles with a continuously growing list of
functions. They serve as intracellular sites for neutral lipid storage and
are crucial for lipid metabolism and energy homeostasis. As
previously mentioned, LDs have also been described to play key
roles in the propagation of several infectious agents. There is evidence
that these organelles act as assembly and replication platforms for
specific viruses, whereas others exploit their contents as an energy
source (Samsa et al., 2009; Cheung et al., 2010; Viktorova et al.,
2018; Cloherty et al., 2020). At the same time, LDs also form part of
the immune response, acting as reservoirs for proteins that counteract
intracellular pathogens and act as hubs for the production of
inflammatory mediators (Monson et al., 2021b).

In this work, we investigated the relevance of LDs during JUNV
infection. Our results showed that the inhibition of cellular LD
synthesis hinders viral multiplication, whereas the stimulation of LD
accumulation leads to an increase in viral replication. This finding
indicates that LDs are necessary to maintain viral replication.
Detailed analysis and quantification of the number of LDs per cell
allowed us to describe a novel phenotype whereby LD abundance is
reduced in infected monolayers compared with the number seen in
mock-infected monolayers. Monson et al. have described that the
activation of the innate immune response in primary astrocytes
induces LD accumulation (Monson et al., 2021a). Likewise,
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Fig. 3. Involvement of different metabolic
pathways in JUNV-induced reduction of
LDs. (A) Diagram of pathways and key genes
involved both in LD synthesis and
degradation. The factors addressed in the
present work are enclosed with a dotted line
and the panels in which each of these factors
are studied are indicated in bold. (B) Relative
expression of genes with roles in LD synthesis
(FASN, DGAT1 and DGATZ2), degradation
(PNPLA2 and CPT1A) or encoding LD
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Lipofectamine or poly(I:C) stimulus resulted in a transient increase
of LD abundance in our model. This allowed us to discard the
possibility that the activation of the IFN pathway in response to
the infection accounts for the observed reduction of LDs in
JUNV-infected cells. Additionally, the independent expression of
NP but not Z independently induced a two-fold decrease in total
LD content. Other viral proteins have been shown to be able to
induce changes in cellular lipid metabolism, leading to changes in
LD abundance. For example, individual SARS-CoV-2 proteins
indirectly induce the accumulation of LDs (Farley et al., 2022)
through an upregulation of the pathways involved in lipid uptake
and triacylglycerol synthesis (Gomes Dias et al., 2020), and the
inhibition of autophagic flux (Wang et al., 2023). Nonetheless, an
additional contribution to this general LD decrease of other viral or
cellular factors that were not analyzed in this study, cannot be

T T T T T T
FASN DGAT1 DGAT2 PLIN2 PNPLA2 CPT1A

resident protein (PLIN2). Expression was
calculated relative to the housekeeping gene
actin. Individual values of three independent
experiments and meanzs.d. are plotted.
Thresholds for significant changes in
expression (increase or reduction) were set at
2 and 0.5, respectively. ns, not significant
(two-tailed unpaired Student’s t-test).

(C) Maximum intensity projection images of a
z-stack from mock- or JUNV-infected cultures.
Lysosomes and LD were labeled with the
specific probes LysoTracker and LipidTox
Deep Red to analyze the colocalization
between these organelles. NP (magenta) was
immunolabeled to identify infected cells.
Inset: detail of an event of LD-lysosome
colocalization. Images representative of two
repeats. Scale bar: 20 um. (D) Representative
images of mock and JUNV-infected cells

807 e treated with or without CQ. NP was
immunolabeled in red and LDs in green. Scale
24 bar: 10 ym. (E) Mean fluorescence intensity in
. the green channel of cells shown in D (=30

cells for each condition; error bars are mean
ts.d.). *P<0.05; ****P<0.0001 (Kruskal-Wallis
8, test for non-parametric distribution).
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excluded. Together, our results indicate that the reduction of LDs
seen in infected cultures is mediated by JUNV viral factors.

Furthermore, in the infected cultures, both JUNV antigen-
positive (JUNV+) and antigen-negative (JUNV—) cells presented
a similarly reduced number of LDs. It is important to consider that
one limitation of this quantification method (IFA) is that early
JUNV-infected cells, that are not yet antigenically positive at the
time of sample analysis, are not considered. Therefore, infected cells
that are not positive for NP cannot be discarded. However, these
underseen cells might express biologically relevant amounts of viral
protein that are sufficient to produce the observed phenotype.

The observed reduction in the number of LDs in JUNV— cells
could be explained by a bystander effect in the vicinity of infected
cells, such as the one described for ZIKV; Chen et al. (2020) and
Stoyanova et al. (2023) have reported an upregulation of the
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Fig. 4. Effect of ETO, an inhibitor of fatty acid beta oxidation, on JUNV multiplication and LD usage. (A) Effect of ETO on cell viability, measured with
Alamar Blue assay (meants.d.; n=3). (B) Effect of ETO on viral RNA levels. Quantification of viral RNA in cell monolayers infected with JUNV and treated
with different concentrations of ETO. Z RNA levels were determined by RT-PCR and normalized to cellular actin. Expression values are relative to
non-treated controls. Data represents values of two independent replicates and the threshold for significant expression reduction was 0.5 (C) Effect of ETO
treatment on JUNYV yield at 48 h.p.i. Plotted data from the same experiment are connected with a line (n=2). (D) Representative microscopy images of JUNV-
infected or mock-infected cell cultures, treated or not with ETO. LDs were stained in green with Bodipy, viral NP was immunolabeled in red, and nuclei are
shown in blue. Scale bar: 20 um. (E) Effect of FAO inhibition on JUNV-induced reduction of LDs. Violin plot shows distribution of LD number per cell (n=90
cells for Mock without ETO, 80 cells for Mock with ETO, 19 cells for JUNV+ with ETO). Dashed lines indicate the median and first and third quartiles.
***P<0.0001; ***P<0.001; **P<0.01; ns, not significant (one-way ANOVA followed by Dunnett’s post-hoc test; A, C, E)

abundance of LDs in both ZIKV+ and ZIKV— cells at 48 h.p.i. In
this case, treatment of placental cultures with UV-irradiated
conditioned medium harvested from ZIKV-infected cells leads to
an increase in LD content, thus showing that the bystander effect can
be mediated by extracellular vesicles or soluble factors in a paracrine
way (Chen et al., 2020). In the case of JUNV, treatment with UV-
inactivated conditioned medium also reproduced the phenotype of
LD number reduction observed in JUNV— cells. Therefore, it is
evident that either JUNV+ or JUNV— cells secrete soluble factors
that signal towards this reduction. Finally, the exchange of viral and
cellular factors between cells through gap junctions could also be
contributing to this effect.

In contrast to our findings with JUNV, when analyzing infection
with the OW mammarenavirus LASV, we showed an upregulation
of LD abundance at 48 h.p.i. in both LASV+ and LASV— cells
compared to mock-infected controls. Furthermore, LD content was
higher in LASV+ than in LASV— cells. Given that LASV NP and Z
protein can inhibit the IFN-I pathway (Murphy and Ly, 2022), the
increase in LD abundance is likely not related to the activation of
this pathway and the mechanism behind this phenotype is yet to be
elucidated. These results further show that our quantification
protocol is robust enough to detect LD changes in discrete cell
populations. It also establishes that, in this aspect of their biology,
these two important hemorrhagic mammarenaviruses behave
differently, inversely modulating cellular physiology in infected
cells and probably their non-infected neighbors. The relationship
between this observation and the pathogenesis of these viruses
remains to be studied.

As previously discussed, NP expression is sufficient to produce a
decrease in LDs. Furthermore, the analysis of JUNV-infected cells
showed a specific pool of viral NP localizing in close proximity to
LDs. Apart from the canonical functions of NP in the replication

cycle, several other accessory roles related to pathogenesis have
been described. Among these, it has been shown that NP is capable
of inhibiting the IFN-I-mediated response (Shao et al., 2018) and
apoptosis of infected cells (Wolff et al., 2013). Taking into
consideration the multifunctionality of NP, our results provide a
possible mechanism that could underlie the compartmentalization
of one (or more) of these functions, or even a new function that is
specifically targeted to LDs. This is particularly important for the
Arenaviridae family given that no detailed data has been published
regarding NP localization beyond its diffuse distribution within the
cytoplasm. Even though the RTCs of JUNV and TCRV have been
described to localize in low-density detergent-sensitive structures,
they have not been found to colocalize with any of the organelles
forming the endomembrane system (Baird et al., 2012). The albeit
partial apposition between NP, viral RNA and LDs supports the
notion that LDs might have a scaffolding role during the life cycle of
JUNV. Additional studies will elucidate the mechanisms behind this
phenotype.

JUNV RNA and NP localization in the context of LD decrease is
yet another example of the complex interplay between virus and
their host cells. For example, HCV is well described to induce LD
accumulation, translocate several of its proteins onto the surface of
LDs and use them for production of infectious progeny. By contrast,
it has recently been found that the cellular colipase ABHDS is a
proviral factor associated with LDs and crucial for HCV assembly
and morphogenesis (Vieyres et al., 2020). Then, HCV production
also correlates with lipid droplet lipolysis and mobilization of fatty
acids for morphogenesis. This could also be the case for JUNV,
activating LD degradation to provide lipid components (i.e.
cholesterol) necessary for membrane budding and assembly.

Different pathways can be involved in virus-driven metabolic
reprogramming. For example, lipogenesis pathways are upregulated in
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ZIKV-infected neural stem cells (NSCs), whereas the lipolysis
factors PNPLA2 and LIPE are downregulated (Gomes Dias et al.,
2023). Many Flaviviruses have also been described to induce
lipophagy, leading to a decrease in LD abundance (Zhang et al.,
2018). In the case of SARS-CoV-2, the expression of ORF3a
induces LD accumulation by inhibiting the fusion between
autophagosomes and lysosomes, thus establishing an incomplete
autophagy status in cells (Qu et al., 2021). In the case of this present
work, we evaluated the expression of genes coding for important
metabolism-related proteins, an analysis that has not been done
before for members of this family. Our results showed that, at a
population level, none of the analyzed genes are transcriptionally
affected by JUNV infection. Although not significant, a trend
towards a decrease in DGAT1 and an increase in CPT1 and FASN
expression was seen. One limitation of this analysis is that gene
expression levels do not represent individual cell phenotypes but
rather the combination of assorted (infected and non-infected) group
of cells. Recently, a negative correlation in the activity of DGAT1
and CPT1A expression has been reported in a model of induced
sepsis; pharmacological inhibition of DGAT1 prevented LD
accumulation with an augment of CPT1A (Teixeira et al., 2024).
In the context of JUNV infection, a viral factor could be hindering
DGAT1 as a part of other factors involved in LD decrease.
Therefore, the trend observed for these genes might be considered in
future work.

Taking into consideration that autophagy is induced by JUNV
(Perez Vidakovics et al., 2019; Roldan et al., 2019), lipophagy
might represent another route of JUNV-driven LD exhaustion.
Lipophagy is a type of selective autophagy that targets LDs. It begins
with the recognition of LD cargo by the autophagosome through
interaction with LC3-I (Singh and Cuervo, 2012). Then, the LD-
loaded autophagosomes mature through fusion with the lysosome,
promoting the degradation of its cargo content by lysosomal acid
proteases and lipases. In hepatocytes, the direct engulfment of entire
LDs by lysosomes has also been described (Schulze et al., 2020). In
our study, colocalization events found between lysosomes and LDs
indicate that lipophagy, a highly dynamic process, could be
contributing to the decrease in LD number during JUNV infection.
We addressed this further by inhibiting the fusion of autophagosomes
and lysosomes with CQ. Treatment with this autophagy inhibitor
effectively reverted the reduction in LDs induced by infection, thus
demonstrating that autophagy, and in particular lipophagy, play a
direct role in the generation of this phenotype. Finally, we studied a
possible function for the degradation of LDs and release of free fatty
acids — energy production via FAO. We proved that this metabolic
pathway is necessary for JUNV replication, consistent with the
antiviral activity of ETO against JUNV.

At present, the importance of cellular lipid structures in cellular
functions, as well as in the multiplication cycles of many infectious
agents and viruses, is being reevaluated. In this work, we presented
novel results into this field, which was previously unexplored for
the Arenaviridae family. We demonstrated opposing modulation
of LDs in response to JUNV and LASV, two major pathogenic
arenaviruses. In the case of JUNV, this phenotype is triggered by the
sole expression of viral NP and does not involve the modulation of
master genes associated with the regulation of LD biogenesis or
degradation. Also, we found that soluble factors produced by
infected cultures are capable of reproducing this phenotype.
We demonstrate that blockage of lysosomal-dependent lypophagy
prevented LD decrease whereas inhibition of FAO did not.
Therefore, in our conditions, we established that lipophagy is
directly responsible for this decrease. More studies are still needed

to help unravel the role of these organelles in the different steps of
the multiplication cycle of arenaviruses, and the interaction between
cellular and viral factors located in their vicinity. For the first time,
this study showcases LDs and their metabolism as potential targets
for the development of an antiviral strategy against AHF.

MATERIALS AND METHODS

Cell lines and viruses

The human hepatocellular carcinoma cell line Huh.7 (Pablo
J. Schwarzbaum, Instituto de Quimica y Fisicoquimica Bioldgicas,
Facultad de Farmacia y Bioquimica, Universidad de Buenos Aires,
Buenos Aires, Argentina) and African green monkey Vero cell line
(ATCC, CCL-81) were grown in minimum essential medium (MEM,
GIBCO) supplemented with 10% fetal bovine serum (FBS, Sigma) and
25 pg/ml  gentamicin (Sigma-Aldrich, G1397). All cell lines were
authenticated and tested for contamination.

Virus stocks of JUNV attenuated 1V4454 strain [Instituto Nacional de
Enfermedades Virales Humanas ‘Dr. Julio I. Maiztegui’ (INEVH), Buenos
Aires, Argentina] or pathogenic XJ strain and LASV Bantou 366 strain,
lineage IV (Bernhard Nocht Institute for Tropical Medicine, Hamburg,
Germany) were prepared in Vero cells and titrated using a standard plaque
assay (JUNV) or immune focus assay (LASV).

LD modulation with OA and C75
Lipid loading was carried out according to the method described by
Brasaemle and Wolins (Brasaemle and Wolins, 2017). Briefly, OA was
mixed into a 14% bovine serum albumin (BSA) solution in 0.1 M Tris-HCI
pH 8.0, in order to generate OA-BSA complexes in a 6:1 molar ratio. This
solution was used to supplement the culture medium with 400 uM of OA,
which was added to cell cultures 4 h prior to infection.

LD depletion was accomplished by treatment with 23 uM C75 (Sigma),
which was added to cell cultures after viral adsorption and remained present
until samples were harvested.

Real-time RT-PCR

Cells were seeded in six-well plates and infected with a multiplicity of infection
(MOI) of 0.1 after 24 h. At the indicated time points, cells were harvested using
Tri Reagent (Molecular Research Center) and RNA was isolated following the
manufacturer’s instructions. cDNA synthesis was carried out using Moloney
murine leukemia virus reverse transcriptase (M-MLV, Promega) and random
hexamer primers (Genbiotech). Real-time PCR was conducted using FastStart
Universal SYBR Green Master (Rox) (Roche), according to the following
protocol: 95°C for 10 min, followed by 45 cycles of 30 s at 95°C, 1 min at
60°C, and 1 min at 72°C, and a final step of 10 min at 72°C. Amplification
plots were analyzed with Bio-Rad software and the comparative threshold
cycle method was used to determine gene expression relative to the B-actin
cellular gene. Mean fold changes lower than 0.5 or higher than 2 were
respectively considered as a significant decrease or increase in gene expression.
Primers used for the indicated genes and the corresponding proteins are
indicated in Table S1.

Immunofluorescence assay

At the indicated time post infection, post poly(I:C) transfection with
Lipofectamine, or post transduction cultures grown on glass coverslips were
fixed with 4% paraformaldehyde for 10 min when working with JUNV, strain
V4454, or 4% formaldehyde for 60 min when working with the LASV or XJ
strain of JUNV. Then, samples were permeabilized with 0.1% Triton X-100 in
phosphate-buffered saline (PBS) for 10 min. Cells were then incubated for 1 h
with a 1:300 dilution of primary antibody, followed by a 1 h incubation with a
1:300 dilution of secondary antibody. When indicated, samples were also
incubated for 30 min with a 1:500 dilution of Bodipy 493/503 (Thermo Fisher
Scientific, D3922) or a 1:250 dilution of HCS LipidTOX Deep Red Neutral
Lipid Stain (H34477, Thermo Fisher Scientific). Finally, nuclei were stained
with DAPI for 5 min (1 pg/ml, Sigma) and samples were mounted using a
glycerol mounting medium with Dabco. The entire protocol was carried out at
room temperature. Samples were washed three times with PBS after every step,
and once with water before mounting. The antibodies used were as follows:
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rabbit polyclonal anti-Plin2 (Abcam, Ab52355), mouse monoclonal anti-JUNV
NP (BEIL, SA02-BG12), mouse monoclonal anti-JUNV GPl (BE]I,
GBO03BE08), recombinant rabbit monoclonal anti-dsRNA (J2) (Absolute
antibody, Ab01299), goat anti-rabbit-IgG-Alexa 488 (Thermo Fisher
Scientific, A-11008), goat anti-mouse IgG-Alexa 568 (ThermoFisher,
A-11004).

For lysosome staining, cell cultures were incubated at 37°C with a
1:13,000 dilution of LysoTracker (Thermo Fisher Scientific) in culture
medium for 30 min prior to fixation. Then, the immunofluorescence
protocol was followed as described above. Samples were imaged in either an
Olympus BX51 fluorescence microscope, an Olympus FV300 confocal
microscope or a Zeiss LSM880 super resolution microscope with Airyscan.

LD number and size quantification

Image analysis was performed using the Fiji distribution of Imagel
(Schindelin et al., 2012). To establish the regions of interest (ROIs)
corresponding to each individual cell, the channel corresponding to the
nuclear stain was used. First, a Gaussian blur filter with a radius of 10 pixels
was applied. The resulting image was processed using the ‘Find maxima’
plugin, whereby each nucleus was selected and the segmented particles
corresponding to individual cells were obtained. These particles were
analyzed and indexed as ROIs. Then, the channel corresponding to the LD
stain was processed using a Gaussian blur filter with a radius of 1 pixel.
Individual LDs were selected using the ‘Find maxima’ plugin and a binary
mask where each LDs was represented as one dot was generated. Finally,
the number of LDs per cell was obtained by counting the number of
LD-representing dots in each of the previously defined ROls.

In order to analyze the size of individual LDs, the channel corresponding
to this organelle was smoothed with a Gaussian blur filter of 1 pixel. Then,
images were thresholded and the resulting binary mask was refined using a
watershed algorithm to detect boundaries between neighboring objects.
Finally, we used the ‘Analyze Particles’ command to select objects with a
circularity between 0.75 and 1.0 and measured their area.

Quantification of protein or viral RNA association with the

LD surface

To quantify the association of NP and viral RNA with the surface of LDs,
z-stacks of infected cells were acquired in a Zeiss LSM980 confocal
microscope. We first worked with the NP channel to obtain a binary mask
corresponding to the whole cell. A large radius Gaussian blur filter was
applied to the NP channel and then, the z-stack was segmented using the
mean gray value as the threshold. Secondly, a binary mask selecting the area
immediately adjacent to the LD surface was generated. To do so, the channel
with the LD neutral core signal was processed using the Gaussian blur filter
to remove noise and was segmented through thresholding. The resulting
binary mask was duplicated, dilated 0.5 um (diameter of one PLIN2
puncta), and then the initial binary mask was subtracted from the dilated one
to obtain a binary mask of solely the LD surface. The Analyze Particles
plugin was used to obtain ROIs defined by the previously mentioned binary
masks. As a control, images containing noise were generated. NP, viral RNA
and noise intensity were quantified in the previously defined ROIs (in the
whole cytoplasm as well as on the LD surface). The ratio between the
intensity found on the LD surface and the whole cell was calculated and each
pair of data (NP versus noise, or viral RNA versus noise) was compared.

Nascent RNA labeling

Huh.7 cultures were plated in 24-well plates containing coverslips at a
seeding density of 5x10* cells per well. After 24 h cells were infected with
JUNV at an MOI of 0.1. At 20 h.p.i., the medium was replaced with 300 pl
of DMEM (Gibco, 12100-046) containing 20 pg/ml of actinomycin D
(Sigma-Aldrich, A9415) and cells were incubated at 37°C for 30 min to
inhibit cellular RNA polymerases. Then, 300 ul of DMEM containing
2 mM ethynyl uridine (Invitrogen, E10345) was added to each well and
cultures were incubated for 3 h at 37°C. Samples were fixed for 30 min and
immunostaining was performed as described above. After staining, the click
reaction was carried out using the Click-iT RNA Alexa Fluor 488 imaging
kit following the manufacturer’s instructions (Thermo Fisher Scientific,
C10329) and samples were mounted and imaged.

UV-inactivated conditioned medium

Huh.7 cells were plated in 24-well plates and infected with JUNV or mock
infected. At 48 h.p.i., the conditioned medium was harvested, placed in an
open glass Petri dish forming a thin layer and immediately UV-irradiated for
2 min using a Germicidal 15W G15T8 GL-15 lamp at a distance of 10 cm.
The conditioned medium was collected and used to treat cell cultures that
had been seeded on coverslips 24 h prior.

Inactivation of viral particles was confirmed by plaque assay.

Etomoxir inhibitor assays

Cell viability in the presence of ETO (Sigma-Aldrich, E1905) was
determined using the alamarBlue™ Cell Viability Reagent (Invitrogen,
DAL1025) as described by the manufacturer. Briefly, Huh.7 cells were
grown in 96-well plates for 24 h and treated with ETO in concentrations
ranging from 0 to 200 pM. Medium with ETO was replenished once after
24 h. After 48 h of treatment, 90 pl of medium was kept in each well and
10 ul of Alamar Blue reagent was added. Cultures were incubated at 37°C
for 2 h and fluorescence was measured at 560 and 590 nm in a Polarstar
Omega B.M.G-Plate reader.

To evaluate the effect of ETO on JUNV replication, cells were infected at
an MOI of 0.1, and treated with ETO at the same concentrations as above. At
24 h.p.i., the medium was removed and replenished with fresh medium and
the same concentration of ETO. At 48 h.p.i. supernatants were harvested and
quantified by plaque assay. The remaining infectivity, as a percentage relative
to a control without ETO, was determined.

CQ treatment

Cell cultures grown on coverslips were infected with JUNV with an MOI of
0.1. The inoculum was discarded, fresh medium was added, and cultures
were incubated at 37°C for 2 h. Then, the medium was replaced by fresh
medium containing CQ diphosphate salt (Sigma-Aldrich, C6628) 12.5 uM.
Cells were fixed at 48 h.p.i. and stained for microscopy analysis.

Statistical analysis and data visualization
Statistical analyses were performed using GraphPad Prism 8.0 (GraphPad
Software, Inc.). Results are presented as means+s.d. When comparing two
means, a two-tailed Student’s #-test was performed. All tests were unpaired,
unless otherwise specified. When necessary, Welch’s correction (Welch’s
t-test) was applied. When comparing more than two means, normal
distribution and homocedasticity was tested. If these assumptions were met,
a one-way ANOVA test was carried out and a post-hoc Dunnett test was
performed. If these assumptions were not met, a Kruskal-Wallis test was
carried out. In both cases, P<0.05 was the criteria taken for considering
differences to be significant.

Bar and violin plots were graphed using Prism 8.0 (GraphPad Software,
Inc.). Raincloud plots (Allen et al., 2021) were plotted in the online app
https:/gabrifc.shinyapps.io/raincloudplots/.
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Table S1. Primer sequences for RT-PCR.

Gene name | Protein Primers

n JUNV NP protein 5'-CGCACAGTGGATCCTAGGC-3’

5'-GGCATCCTTCAGAACATC-3’

Z JUNV Z protein 5-ATGGGCAACTGCAACGGGGCATC-3

5-CTATGGTTGGTGGTGCTGTTGGCT-3

ACTB B-actin 5'-GAGACCTTCAACACCCCAGCC-3

5-GGCCATCTCTTGCTCGAAGTC-3"

PLIN2 Perilipin 2 5-CTGATGAGTCCCACTGTGCTGA-3'

5-TGTGGCACGTGGTCTGGAG-3'

FASN Fatty acid synthase 5-AAGGACCTGTCTAGGTTTGATGC-3'

5-TGGCTTCATAGGTGACTTCCA-3'

DGAT1 Diacylglycerol O- 5-TATTGCGGCCAATGTCTTTGC-3'
Acyltransferase 1

5'-CACTGGAGTGATAGACTCAACCA-3'

DGAT2 Diacylglycerol O- 5-AGTGGCAATGCTATCATCAT-3'
Acyltransferase 2

5'-GAGGCCTCGACCATGGAAGAT-3'

PNPLA2 Adipose Triglyceride Lipase | 5-ACCAGCATCCAGTTCAACCT-3'

5-ATCCCTGCTTGCACATCTCT-3'

CPT1A Carnitine 5-ACAGTCGGTGAGGCCTCTTA-3'
Palmitoyltransferase 1A

5-CCACCAGTCGCTCACGTAAT-3'
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