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Lipid droplets: A hallmark of SARS-CoV-2 infection and a
potential target for novel antiviral therapeutics
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SUMMARY Since its emergence, severe acute respiratory syndrome-coronavirus 2 (SARS-
CoV-2) has infected over 110.7 million people and killed over 2.4 million people worldwide.
Currently, Remdesivir is the only antiviral approved by the Food and Drug Administration
(FDA) to treat the disease caused by SARS-CoV-2, coronavirus disease 2019 (COVID-19).
With millions of new COVID-19 cases reported weekly, efficient, and broad-acting antiviral
treatments are urgently needed. Host lipid metabolic reprograming and the formation of lipid
droplets (LDs) may play a role in SARS-CoV-2 replication and pathogenesis—opening new
perspectives for therapeutic strategies against COVID-19. This paper will review the current
knowledge on LDs in the SARS-CoV-2 lifecycle and its potential functions in viral
replication, assembly, and pro-inflammatory cell moderation. This paper will also highlight
key research areas in the field that remain to be understood, including, (i) the possible
moonlighting activities of LD-associated viral proteins in the host-cell nucleus of SARS-
CoV-2 infected cells, (ii) the potential ability for SARS-CoV-2 to escape or exploit
autophagic machinery to enhance viral fitness and survival, and (iii) the impact of diet on
one’s susceptibility to SARS-CoV-2 infection. Overall, a better understanding of the SARS-
CoV-2 lifecycle and host cell interactions will clarify mechanisms of infection at various
levels, inform the design of novel and effective therapeutics and vaccines, and reduce the
impact of the COVID-19 pandemic on public health.

INTRODUCTION

he rapid spread of coronavirus disease 2019 (COVID-19) in a global pandemic has
crippled the world, leaving lasting social, economic, and health consequences for years
to come (1). The etiological agent of COVID-19, severe acute respiratory syndrome-
coronavirus 2 (SARS-CoV-2), is a novel human zoonotic pathogen belonging to the
Betacoronavirus genus of the subfamily Orthocoronavirinae in the Coronaviridae family (2,
3). SARS-CoV-2 is an enveloped, non-segmented, single stranded positive-sense RNA
((+)ssRNA) virus that, similar to other highly pathogenic human coronaviruses, induces
aberrant host immune responses associated with respiratory diseases and, in severe cases, can
lead to acute respiratory distress syndrome (ARDS), cytokine storm, and case fatality (4, 5).
Unlike previously known coronaviruses like SARS- and Middle East respiratory syndrome
(MERS)-CoV, however, epidemiological analyses have revealed that SARS-CoV-2 is more
infectious and transmissible among individuals (5); thus, a better understanding of the SARS-
CoV-2 lifecycle to develop safe, and effective treatments to contrast the pathogenicity of
SARS-CoV-2 are desperately needed.
The hijacking and manipulation of host cell metabolic pathways are shared features of
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metabolism, sterol biosynthesis, synthesis of specific phosphoinositides, and utilization of
lipid stores, allowing viruses to obtain energy and substrates to benefit their replication and
survival (12, 13). Although the detailed mechanisms by which such lipid modulations occur
in Coronaviridae remain to be resolved (14), a new body of research has pointed to lipid
droplet (LD) formation as a hallmark of host lipid reprogramming, viral replication, and
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pathogenesis, illuminating LDs as potential targets for broad-acting therapeutic agents against
SARS-CoV-2.

Lipid droplets are highly conserved intracellular organelles present in most cells (6). They
are composed of neutral lipids such as triacylglycerols (TAGs), cholesteryl esters (CEs), fatty
acids (FAs), and a surrounding phospholipid monolayer (6, 15, 16). Both cytoplasmic (cLDs)
and nuclear LDs (nLDs) have been observed in eukaryotic cells originating from the
endoplasmic reticulum and inner nuclear membrane, respectively (17, 18). Extracellular LDs
(eLDs), released by virally-infected cells, have also been observed, suggesting a role for eLDs
in viral pathogenesis with respect to the extracellular milieu (19). Previously regarded as
merely hubs for fat storage, LDs are now known to be central to a variety of other cellular
functions, including lipid homeostasis, protein storage, the immune response, and the
production of proinflammatory molecules such as eicosanoids (1, 6, 20, 21). Despite the
potential protective roles of LDs against intracellular pathogens such as viruses, however,
many (+)ssRNA viruses have also been shown to extensively manipulate LDs as substrates
for their energy and as platforms for their replication and assembly, including SARS-CoV-2
(2,22,23).

Recent works have demonstrated that SARS-CoV-2 is capable of upregulating lipid
metabolism, resulting in the accumulation of LDs in virally infected cells (2). Induction of
SARS-CoV-2 infection in human peripheral blood mononuclear cells (PBMCs) in vitro not
only demonstrated a buildup of LDs in infected cells, but also upregulated various proteins
involved in host lipid metabolism, including cluster of differentiation 36 (CD36), peroxisome
proliferator-activated receptor gamma (PPAR-y), sterol regulatory element-binding protein-
1 (SREBP-1), and acyl-CoA:diacylglycerol acyltransferase-1 (DGAT-1), thus enhancing
lipid uptake and promoting LD formation in SARS-CoV-2 infection (2). Moreover, increased
LD accumulation was reported in monocytes directly from COVID-19 patients when
compared to healthy volunteers, further suggesting that SARS-CoV-2 may modulate cellular
lipid metabolism in favour of an increased lipid biogenesis and lipid remodelling phenotype
in vivo (2). When LD biogenesis was inhibited with a pharmacological inhibitor of DGAT-1,
an enzyme required for TAG synthesis, viral replication, proinflammatory mediator
production, and cell death decreased in human pulmonary cells (A549 cell line) and
monocytes (2). Therefore, targeting DGAT-1, or any of the other upregulated lipid
metabolism proteins, may represent crucial opportunities for indirect-acting antiviral
interventions (Fig. 1). Additional evidence demonstrating the close association of LDs with
SARS-CoV-2 viral particles and dsRNA also suggests that LDs may function as a replication
platform for SARS-CoV-2 in VERO E6 cells (2). Altogether, these findings reveal previously
unidentified roles for LDs in the SARS-CoV-2 lifecycle, and provide new insights for broad-
spectrum, indirect-acting antiviral targets.

PROPOSED RESEARCH QUESTIONS

Given the threat of COVID-19 on global public health, the development of safe and effective
therapeutics is urgently needed. Currently, Remdesivir, a viral RNA-dependent RNA
polymerase (RdRp) inhibitor, is the only antiviral approved by the Food and Drug
Administration (FDA) for use against COVID-19 (24). Thus. considering other strategies to
combat COVID-19 in the long-term and minimize its burden of disease, is critical. Targeting
LD biogenesis may represent an important opportunity for indirect-acting antiviral
intervention. Not only would inhibiting LD formation potentially provide broad-spectrum
antiviral activity against many other (+)ssRNA viruses that exploit similar mechanisms, but
it would also ensure minimal cytotoxicity, since LDs are upregulated products of viral
infection.

Therefore, a better understanding of LDs in the SARS-CoV-2 lifecycle is needed to
clarify the feasibility of targeting LDs for antiviral treatment. To advance the knowledge in
this field, I propose three key areas of future research: first, the function of nLDs in SARS-
CoV-2 pathogenesis; next, the potential ability for SARS-CoV-2 to exploit the autophagy
pathway to maintain LD levels in the cell and benefit its replication and survival; finally, the
possible relationship between host diet and LD biogenesis and, subsequently, host
susceptibility to SARS-CoV-2 infection.
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Are there potential moonlighting activities for LD-associated viral proteins in the
nucleus of cells infected with SARS-CoV-2? Although LDs are found predominantly in the
cytoplasm, they have recently been detected in the nucleus as well and have been
hypothesized to function similar to cLDs: as lipid stores for membrane expansion in the cell
or scaffolding platforms for proteins (6, 25). However, I posit that there may be a potential
moonlighting mechanism for nLDs, whereby SARS-CoV-2 may manipulate them to benefit
viral replication and assembly. Specifically, trafficking of the viral nucleocapsid (N) protein
to nLDs could increase protein stability and half-life within the nucleus, thus promoting
SARS-CoV-2 survival within the host (6).

Like most enveloped RNA viruses, replication of SARS-CoV-2 and other coronaviruses
occurs in the cytoplasm (26). However, the N proteins of many cytoplasmic RNA viruses
have been shown to transiently localize to the nucleus/nucleolus (27). The N protein is
responsible for binding tightly to the genomic RNA, facilitating RNA packaging, and, in
some cases, serving as a nucleic acid chaperone in the cytoplasm (27). Although there is
limited information about the function of the viral N protein in the nucleus, some evidence
suggests it may support successful viral replication by interfering with or inhibiting the host
interferon (IFN) antiviral response, or by disrupting host cell division (28, 29). Additionally,
the nuclear localization sequence (NLS) of the N protein may predict high case fatality rates
(CFR) of coronaviruses (30). The observation that enhanced NLS sequences—marked by the
accumulation of positive charges in the amino acids comprising the NLS—correlates with
high-CFR strains suggests that the N protein could be a crucial determinant of coronavirus
pathogenicity (30, 31).

Thus, the hijacking of nLDs may be of critical importance for protecting the SARS-CoV-
2 N protein in the nucleus and driving viral replication and suppression of host defense
responses. Future work could further elucidate this association using immunofluorescent
staining against the N protein and observing whether the protein localizes closely with nLDs
in the nucleus. A better understanding of the relationship between nucleocapsid trafficking
and nLDs would help clarify the SARS-CoV-2 lifecycle and host-cell interactions, as well as
provide important insights and perspectives for putative antivirals which are, currently, of
great need.

What is the mechanism for LD catabolism in SARS-CoV-2 infection? To date, very little
is known about LD catabolism in SARS-CoV-2 infection. While LD biogenesis has been
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FIG. 1 Upregulated proteins
involved in LD formation upon
SARS-CoV-2 infection in human
monocytes are potential targets for
indirect-acting antivirals. SREBP-1
and PPAR-y, the major
transcriptional factors involved in
lipogenesis, DGAT-1, the enzyme
responsible for TAG synthesis, and
CD36, the membrane receptor
regulated by PPAR-y that functions
in FA uptake, are host lipid
metabolism factors that are
upregulated in SARS-CoV-2
infection. They may contribute to the
accumulation of LDs observed in
SARS-CoV-2 infected human
monocytes and therefore represent
potential targets for antiviral
intervention. Adapted from “Lipid
droplets fuel SARS-CoV-2
replication and production of
inflammatory mediators” by Dias
SSG, Soares VC, Ferreira AC, et al.
PLoS Pathog. 2020. Fig. 1, SARS-
CoV-2 infection modulates the lipid
metabolism in human monocytes; p.
4. Created with BioRender.com.
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shown to be upregulated in infection, promoting the formation and accumulation of LDs (2),
the temporalities of LD degradation in SARS-CoV-2 infection remain unclear.

Autophagy comes from the Greek word meaning “self-eating” (32). It is a tightly
regulated, routine mechanism used by cells to maintain homeostasis; thus, it is typically
enhanced when homeostasis is compromised by stressful conditions such as lack of nutrients
or oxygen, DNA damage, reactive oxygen species, or intracellular pathogens (33). During
autophagy, double-membrane vesicles called autophagosomes sequester organelles, proteins,
or portions of the cytoplasm to be delivered to the lysosome (34). Once autophagosomes fuse
with the lysosome, autolysosomes form, and the packaged intracellular cargo is processed
and degraded by specific enzymes within these compartments (32). Lipophagy refers to a
specific form of autophagy that degrades LDs for the purposes of mobilizing free fatty acids
for energy, managing the quality control of LD-targeted proteins, and maintaining lipid
homeostasis (35).

By targeting viral particles or LDs to lysosomes within the autophagy pathway and
stimulating the hosts’ immune response, autophagy may serve a protective role in
counteracting viral infections (32). However, certain viruses have also been able to neutralize
lysosomal degradation and/or exploit the autophagy pathway to survive and replicate (32). In
fact, (+)ssRNA viruses such as poliovirus, rhinovirus 2, and rhinovirus 14, have been shown
to induce the production of double-membraned vesicles and subvert constituents of the
autophagy pathway to form membranous platforms for the assembly of their RNA replication
complexes (36). Heptatitis C virus (HCV), as another example, has also been suggested to
hijack autophagy proteins to support translation of its HCV RNA and trigger viral replication
(37). Nidovirales, on the other hand, appears to have the ability to manipulate autophagy as a
double-edged sword, utilizing the products of autophagy for their synthesis, while exploiting
autophagy to evade viral degradation at the same time (38).

With regards to coronaviruses, while other betacoronaviruses such as the murine hepatitis
virus (MHV) have been shown to harness the autophagy pathway for replication, preliminary
evidence has revealed that SARS-CoV-2 inhibits autophagy through AMP-activated protein
kinase (AMPK) and mechanistic target of rapamycin complex 1 (mTORC1) downregulation,
therefore preventing degradation of viral product and, likely, LD degradation as well (39, 40).
Other findings have shown that autophagy promoters such as spermidine, niclosamide, and
nitazoxanide have an effect against SARS-CoV-2 in in vitro experiments (41, 42). This is in
line with the observation that lipophagy does not seem to be active in SARS-CoV-2 infection,
which may account for the buildup and accumulation of LDs observed in infected cells (2).

Thus, the observation that SARS-CoV-2 seems to favour a lipid-rich environment
provides key insights into the feasibility of interfering with lipid biogenesis or boosting the
lipophagy pathway as potential antiviral mechanisms. More validated research is needed in
this field to conclusively determine the connection between viral infection, LD formation,
and autophagy/lipophagy to inform the use of such interventions against SARS-CoV-2.

Could diet impact LD biogenesis and susceptibility to SARS-CoV-2 infection? Given that
SARS-CoV-2 appears to favour a lipid-rich intracellular environment to promote its
replication and survival, the question begs, then, whether diet and fat consumption may
influence host susceptibility to SARS-CoV-2 infection, and whether our daily lifestyle
choices—such as what we eat—may explain differences in rates of infection around the globe.

During nutrient surplus, such as in conditions of excess caloric intake, LDs uptake neutral
lipids, usually in the form of triacylglycerols and sterol esters (25, 43). Through processes
such as de novo lipogenesis, lipolysis, and lipophagy, LDs alternate between periods of
growth and degradation, with these processes closely reflecting cellular metabolism and
cycles of nutrient availability (25, 43). LDs also function to prevent lipotoxicity by buffering
potentially toxic lipids, and have critical roles in minimizing oxidative stress (25). However,
several diseases have been associated with excess accumulation of LDs, including obesity,
non-alcoholic fatty liver disease (NAFLD), type 2 diabetes, and cardiovascular diseases (44,
45). Many of these chronic diseases—notably, obesity, diabetes, and cardiovascular
diseases—are also risk factors and comorbidities for severe COVID-19 infection (46, 47).
Thus, this suggests that there may be a connection between diet, LDs, and susceptibility to
COVID-19 disease.
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In mice, obesity due to genetic mutations or a high-fat diet leads to increased numbers of
LDs in hepatocytes (48). Interestingly, these processes are often followed by activation of ER
stress, which has been found to trigger a positive feedback loop involving the activation of a
lipogenic gene expression program in the liver (49, 50). It has also been suggested that ER
stress may additionally trigger inflammatory responses, thus further increasing insulin
resistance and lipid biogenesis (51). This provides additional evidence for the possible
association between obesity, diet, and the accumulation of intracellular LDs.

Many of the reasons accounting for the large geographical variations in death rates linked
to the COVID-19 pandemic remain unexplained, despite abundant research (52). Although
the more relevant factors—seasonal variations, immunity, cross-immunity, intensity, type,
onset, duration, and measures of protection—are often considered, other environmental
factors like diet or nutrition should not be overlooked (53). Especially, given that obesity is a
risk factor for severe COVID-19, studies on the impact of diet and nutrition should take on
great importance, as it could significantly inform public health measures and minimize the
burden of pandemic diseases such as COVID-19 on individuals. At a molecular level, this
calls for more studies looking at chemically inducing LDs in human cell lines and observing
if cells become more susceptible to viral infection and disease. At a population level, more
cross-cultural observational studies with large, representative sample sizes are needed to
ascertain the impact of diet and nutrition on lipid biogenesis and susceptibility to infection.

CONCLUSIONS

As a global killer, SARS-CoV-2 and its associated disease, COVID-19, has severed the social,
economic, and health ties of many individuals and societies around the world. The need for
long-term solutions to reduce the burden of disease is great, considering there being only one
currently FDA approved drug on the market against COVID-19, Remdesivir (24).

Recent works surrounding the biology of lipid droplets (LDs) and its suggested functions
in viral replication and survival provide a potential solution to this problem. Having emerged
as more than just organelles for lipid stores, LDs are critical intracellular sites for lipid
homeostasis, immune responses, protein storage, and viral infections (1, 2, 6, 20, 21). In
SARS-CoV-2 infected cells, an accumulation of LDs can be observed, as well as the
upregulation of key proteins and transcription factors involved in LD biogenesis (2). Thus, it
has been proposed that, like other (+)ssRNA viruses such as hepatitis C virus (HCV) and
dengue virus (DENV), LD biogenesis may be circumvented by SARS-CoV-2 to enhance their
replication and assembly (2, 6). As such, interfering with LD formation presents an exciting
opportunity to develop novel, broad-spectrum, and indirect-acting antiviral therapeutics
against COVID-19.

LDs, more specifically the pathways contributing to their formation, represent ideal
targets for antiviral interference for three reasons. First, LDs are a highly conserved
intracellular organelle; thus, targeting conserved host factors may produce broad-spectrum
antiviral activity against multiple viral infections due to similar biological mechanisms across
cell types and across viruses of the same genus or family (54). Second, compared to direct-
acting antiviral interventions targeting viral elements, host cellular elements are much less
prone to mutation (54). Given the high replication and mutation rate of viruses, long-term
antiviral therapy should aim to minimize opportunities for viral mutations and, consequently,
the development of drug resistance (54). Hence, targeting host lipid metabolism presents an
attractive solution for the long-term treatment of viral diseases such as COVID-19 (54).
Finally, targeting upregulated host lipid metabolism factors such as the enzyme DGAT-1 or
transcription factors SREBP-1 and PPAR-y may reduce the pleiotropic impact that an
indirect-acting antiviral may otherwise have on cellular homeostasis (2, 55). Since LDs are a
major metabolic pathway in vivo, striking the perfect balance between causing host toxicity
and inhibiting viral pathogenesis is critical (54). By targeting upregulated factors, this issue
may be minimized. Thus, altogether, LD biogenesis serves as an appealing approach to
develop effective antiviral therapeutics against SARS-CoV-2.

Despite these major advances in elucidating the role of LDs in SARS-CoV-2 pathogenesis
and assessing its feasibility as an antiviral target, there is still much to uncover about SARS-
CoV-2 and its connection with LDs. Key areas of future research include: the potential
moonlighting mechanism of LD-associated viral proteins including, but not limited to, the N
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protein in the nucleus of the host cell; the mechanisms by which SARS-CoV-2 may exploit
or suppress the autophagy pathway to benefit its replication and survival; and the extent that
diet may influence LD biogenesis and susceptibility to SARS-CoV-2 infection. Further
research in these key areas will be necessary to paint a clearer picture of the SARS-CoV-2

lifecycle, mechanisms of infection, and host cell interactions and inform the design of
effective therapeutics to reduce the burden of COVID-19 on individuals, families, and
societies worldwide.
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