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Abstract

Flaviviruses such as Dengue, Zika, and West Nile virus cause a significant global health burden and
have earned attention as high pandemic risk pathogens. Flaviviruses interact closely with cell
membranes at every stage of their life cycle, and mounting evidence demonstrates that flaviviruses
rely on specific lipids and lipid-remodeling proteins, presenting potential therapeutic opportunities
for targeting the host’s lipid metabolism. Our understanding of lipid function in infection has
expanded considerably in recent years, partly thanks to advances in lipidomics, cryo-electron
tomography, lipid-based chemical tools, and biophysical characterization techniques. In this review,
we highlight recent breakthroughs that have clarified flavivirus lipid requirements and functions, as
well as ongoing technological advances in the virus-lipid interaction field poised to enable the next
wave of discoveries.
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Flaviviruses: Emerging Global Health Threats

Flaviviruses are a diverse family of insect-borne (+) RNA viruses, many of which pose significant
global health concerns[1]. The Orthoflavivirus genus contains 53 documented species[2] that infect a
range of mammals, birds, or other vertebrates, typically transmitted by bites of infected mosquitos or
ticks. Major human pathogens include Dengue virus (DENV), Zika virus (ZIKV), West Nile virus
(WNV), Yellow Fever virus (YFV), and tick-borne encephalitis virus (TBEV), all recently classified by
the World Health Organization as high risk for pandemic potential[3]. These flaviviruses are endemic
to tropical regions around the world, and their geographic ranges are expected to expand as insect
migration patterns shift with climate change[4]. Other emerging or re-emerging pathogens include
Japanese encephalitis virus (JEV), Usutu virus (USUV), Spondweni virus (SPOV), Powassan virus
(POWYV), and others[1,5]. Although most flavivirus infections are asymptomatic or cause a self-
limiting flu-like illness, severe infections can cause life-threatening pathologies such as hepatitis,
vascular shock syndrome, haemorrhagic fever, paralysis, myocarditis, and encephalitis[1,6]. Effective
vaccines are available for YFV, TBEV, and JEV[7], and a partially effective vaccine for DENV[8].
Otherwise, there are no specific preventions or treatments for any flavivirus and limited diagnostic
tools. A better molecular understanding of flavivirus pathogenesis is needed to identify new
diagnostic, preventative, and therapeutic approaches.

Like all viruses, flaviviruses are fully dependent upon their host cells for nutrients and structural
support during replication. Although most studies of flavivirus-relevant host factors have focused
on proteins, the roles of host lipids are becoming increasingly apparent. Innovative tools now enable
study of lipids in mechanistic detail, including advances in cryo-electron tomography (cryo-ET)
visualization, mass spectrometry-based lipidomics, and functionalized lipid probes, paving the way
for powerful investigations of lipid function in infection. In this review, we will summarize recent
insights into flavivirus-lipid interactions, including emerging roles of lipids in different stages of the
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viral life cycle and novel mechanisms of flavivirus-driven lipid dysregulation. Finally, we will offer
our perspective on the evolution of the field of virus-host lipid biology, highlighting recent technical
advances that open highly promising avenues of study.

Lipids in the Flavivirus Life Cycle

Flaviviruses interact with host membranes at every stage of their life cycle (Figure 1). Some of
the earliest ultrastructural studies of flavivirus-infected cells revealed distinct virus-induced
membrane rearrangements[9,10], including specialized endoplasmic reticulum (ER) compartments
now known as replication organelles (ROs)[11,12]. Landmark studies in the 2000-2010s revealed that
lipid metabolic enzymes, including fatty acid[13,14] and cholesterol[15,16] biosynthesis enzymes, are
recruited to ROs and are indispensable for flavivirus replication. More recently, lipidomic studies
have repeatedly showed that flavivirus infection dysregulates the levels of many different lipid
classes in both mosquito[17,18] and mammalian[19,20] cells, most consistently affecting
sphingolipids such as ceramide. Unlike viral proteins, the flavivirus lipid envelope is not virally
encoded but is acquired from host cells, underscoring the dependence on host lipids. Despite these
observations, the mechanistic roles of individual lipids in the viral life cycle have remained elusive.

Flavivirus Life Cycle
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Figure 1. The flavivirus life cycle. Flaviviruses enter through receptor-mediated endocytosis and release their

RNA genomes through fusion with the late endosomal membrane, at which point the viral lipid envelope and

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1513.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 December 2025 d0i:10.20944/preprints202512.1513.v1

3 of 15

endosomal membrane are merged. The flavivirus polyprotein, containing several transmembrane or membrane-
associated subunits, is translated at the ER. The ER is extensively remodeled into specialized replication
compartments, and this reshaping requires regions of high positive and negative membrane curvature.
Replication compartments remain attached to the ER through a putative connector protein. Following RNA
genome replication, newly formed virions bud into the ER, mature within the Golgi apparatus, and exit at the

plasma membrane surface by exocytosis.

Human cells contain hundreds of lipid species with diverse structural and signaling
functions[21]. Cellular lipids fall into three major classes: glycerolipids (the most abundant
membrane lipids), sterols (rigid lipids influencing membrane fluidity and organization), and
sphingolipids (under-studied lipids with emerging signaling roles, including ceramide and
derivatives[22]). Lipids are highly compartmentalized; each organelle maintains a distinct lipid
composition on its inner and outer membrane leaflets, with localized variations giving rise to
membrane sub-domains[21,23]. Each membrane’s lipid composition defines properties such as
fluidity, curvature, thickness, and surface charge, which influence protein localization, conformation,
and activity[23]. Lipid composition is controlled in turn by transport and enzymatic activity, creating
dynamic lipid-protein signaling networks that orchestrate many cellular functions. While the
biosynthesis and general properties of each lipid class have been well described, the specific roles
and interactions of most individual lipid species, which vary by backbone, headgroup, acyl chain
length, and saturation level, have yet to be determined. Identifying how and why flaviviruses redirect
host lipids could reveal new therapeutic strategies as well as broader roles of individual lipids in cell
health.

Flavivirus Entry

Flaviviruses contain a host-derived lipid envelope which directly interacts with the three
structural proteins E, M, and C (Figure 2a). Emerging evidence suggests that envelope lipid
composition affects both receptor binding and fusion. A plethora of different entry receptors have
been identified for flaviviruses, including phosphatidylserine (PS) receptors such as those in the
Tyro3/Axl/Mer (TAM) family[24]. PS is a glycerophospholipid that resides in the plasma membrane
inner leaflet and is typically only exposed on the outer leaflet during apoptosis. Many enveloped
viruses contain surface-exposed PS in their membranes and utilize PS receptors through “apoptotic
mimicry”[25]. Supporting this model, a lipidomic study of TBEV virions[26] reported PS enrichment
in the viral envelope. In another study, PS-enriched extracellular vesicles were found to competitively
inhibit ZIKV entry as well as other enveloped RNA viruses[27]. Furthermore, a CRISPR screen in
placental trophoblasts identified hepatitis A virus cellular receptor 1 (HAVCR1), another PS receptor,
as a key ZIKV entry factor required for vertical (mother-to-fetus) transmission[28]. HAVCR1-
mediated viral entry required an intact PS-binding pocket, suggesting direct binding to viral
envelope PS. Blocking interactions between PS and its receptors could be a promising therapeutic
approach for flaviviruses and other enveloped viruses.

Additionally, some lipids themselves may function as entry receptors or cofactors, particularly
glycosylated lipids. Tantirimudalige et al. found that direct interaction between DENV E protein and
the glycosphingolipid GM1a enhances initial viral attachment and speeds up viral movement on cell
surfaces[29]. Notably, inhibitors of glycosphingolipid synthesis block replication of both DENV and
ZIKV[30]. In addition to the plasma membrane, glycosphingolipids are found throughout the
secretory pathway including in the Golgi[22] and may play multiple roles in the viral life cycle.

Following receptor-mediated endocytosis, flaviviruses fuse with late endosomes, at which point
the viral envelope and endosomal membrane are merged (Figure 1 inset). Interactions between
flavivirus structural proteins and envelope lipids may promote fusion. Specific lipid interactions have
been identified for some flavivirus proteins, particularly the E and M proteins. Recent cryo-EM
structures of E protein from ZIKV[31], DENV[32], TBEV[33], and SPOV[34] have revealed a highly
conserved phospholipid, most likely phosphatidylethanolamine (PE) or phosphatidylcholine (PC),
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coordinated by a conserved His in the E protein amphipathic helices which lay flat along the lipid
envelope. All tested flaviviruses were highly sensitive to mutation of this His residue (ZIKV H446,
DENV H437, TBEV H438, or SPOV H447), suggesting phospholipid binding at this site is essential
for flavivirus infection. Other essential lipid binding pockets have been identified within E
amphipathic helices[32,33] or E and M transmembrane stem helices[31], although the identity of
bound ligands and their conservation among flaviviruses remains unclear. E undergoes significant
conformational changes during flavivirus maturation as well as membrane fusion, and lipid binding
likely plays a role in both rearrangements. Molecular dynamics simulations of various flavivirus E
proteins with lipids predicted that envelope phospholipids pack into an unusually confined space,
generating elastic tension that could promote E protein rearrangements during fusion[35]. Additional
molecular dynamics simulations predict that DENV E preferentially binds negatively charged
phospholipids that are enriched in the late endosomal membrane, including phosphatidylinositol 3-
phosphate (PI3P) and bis(monoacylglycero)phosphate (BMGP)[36], which could help facilitate
fusion.

Two cholesterol binding sites in the Zika virus prM protein (M in the mature virus) were recently
identified by Goellner et al., one of which was shown to be essential for endosomal fusion, and the
other for virion assembly[37]. Notably, mutation of these cholesterol-binding sites only affected viral
fitness in mammalian cells and had no effect in mosquito cells (which contain much lower cholesterol
levels), suggesting that flavivirus lipid usage can differ across host species. Overall, these recent
findings demonstrate how structural proteins E and prM/M directly interface with lipids during the
earliest steps of viral pathogenesis.

ER Lyen e Protease Cut Sites

Figure 2. Flavivirus protein-lipid interactions. A) Flavivirus virion outer view and cross-section. Structural

proteins E, M, and C scaffold a host-derived lipid envelope surrounding viral genomic RNA. B) Flavivirus
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polyprotein topology diagram showing transmembrane and membrane-interacting domains of structural and

non-structural proteins (not to scale).

Flavivirus Translation and Replication

Flavivirus RNA is translated at the endoplasmic reticulum (ER) into a transmembrane
polyprotein that is cleaved into 3 structural and 7 non-structural proteins (Figure 2b). Structural
proteins E and prM are transmembrane and interact closely with host lipids, as described earlier. The
capsid (C) protein directly contacts the host cell membrane and, in virions, bridges contacts between
viral RNA and the host-derived lipid envelope[38,39], playing an important role in viral particle
assembly (Figure 2a). Of the non-structural proteins, the majority (NS2A, NS2B, NS4A, NS4B, and
the short 2K peptide) are transmembrane and directly interface with host lipids, although their
specific lipid interactors have not been determined. NS1 forms a membrane-associated dimer inside
cells or can be secreted as an oligomer surrounding a lipid cargo enriched in triglycerides, cholesterol,
and phospholipids[40,41]. The secreted NS1 lipoprotein causes vascular leakage associated with
severe flavivirus disease and activates multiple inflammatory pathways[41,42]. The viral protease
(NS3) and RNA polymerase (NS5) are not directly membrane-associated, but both proteins have been
shown to interact with several lipid-remodeling enzymes to indirectly alter cellular lipid metabolism
(described in the next section). Altogether, interplay with host lipids is a common theme among all
flavivirus proteins.

The ER is the primary site of lipid biosynthesis, and flavivirus proteins reshape ER lipid
metabolism and membrane architecture to facilitate replication. All flaviviruses induce replication
organelles (ROs), specialized membrane compartments derived from the ER widely accepted as the
primary sites of genome replication. High resolution electron microscopy has revealed the intricate
architecture of these ROs[43-45], which include double-membrane vesicles, convoluted ER
membranes, and extensive cytoskeletal reorganization. Several flavivirus proteins including NS1,
NS2A, NS4A, and NS4B play key roles in RO formation[46], but the host factors contributing to RO
biogenesis are incompletely understood. The inward budding of ROs requires a high degree of both
positive and negative membrane curvature (Figure 1 inset). Other cellular processes involving similar
curvature, such as phagocytosis or autophagy, typically require cone-shaped lipids such as
phosphatidylethanolamine (PE) or inverted-cone-shaped lipids such as ceramide (Cer) that
spontaneously form curved membranes[21] . Enrichment of curvature-inducing lipids on the inner
or outer leaflet typically requires the activity of lipid transport enzymes (flippases, floppases, and
scramblases)[48]. A notable exception is Cer, which can freely diffuse between leaflets[49], possibly
explaining its role in promoting phagocytosis[47]. The lipids required for RO formation have yet to
be conclusively determined.

Recent advances in cryo-ET have increased the level of detail attainable in RO reconstructions,
enabling further insight into RO formation and function. For instance, Dahmane et al. applied cryo-
ET to study Langat virus (LGTV, a close relative of TBEV) in human lung cells and mouse brain
tissue[50]. Using a novel computational tool to map relative membrane thickness[51], they found RO
vesicles to be consistently thicker than the surrounding ER, enabling identification of empty ROs
absent of any viral RNA. These results support a mechanism in which RO vesicles are generated and
stabilized by proteins (likely viral non-structural proteins) rather than internal pressure from
replicating RNA[50]. Moreover, they observed a putative protein complex spanning a section of ER
that bridges ROs with budding virions, suggesting close spatial coordination between genome
replication and virion assembly[50]. While the identity of the connector protein is unknown, its
structure appears similar to pore-forming proteins reported for other RNA viruses[52].Additional
insights into flavivirus lipid requirements have been obtained through mass spectrometry-based
lipidomics of flavivirus-infected cells. In our study of ZIKV infection in human cells[19], we observed
broad dysregulation across nearly all lipid categories, with the most striking differences observed in
ceramide, the central member of the sphingolipid family. Sphingolipid biosynthesis inhibitors
blocked ZIKV replication, suggesting a dependency on ceramide or its downstream metabolites. In
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other studies, inhibitors against other ceramide-producing enzymes including neutral
sphingomyelinase[53] and dihydroceramide desaturase[54] also demonstrate broad anti-flavivirus
activity. The mechanistic role of ceramide in viral replication has yet to be determined, but parallels
to other cellular processes would suggest roles in promoting membrane curvature[47] or signaling
cell death or differentiation[22].

Further supporting the role of sphingolipids in infection, a lipidomic analysis of WNV-infected
mice and clinical patients by Mingo-Casas et al. revealed elevated levels of circulating sphingolipids,
including ceramide, dihydroceramide, and dihydrosphingomyelin[55]. These results not only
suggest conserved pathogenic mechanisms across host species but also point toward lipid-based
diagnostic biomarkers. Moreover, lipidomic studies of DENV-infected mosquitos by Elliott et al.
revealed upregulation of ceramide and sphingomyelin as well as several species of glycerolipids[56],
suggesting conserved virus-lipid interactions across insect and mammalian hosts.

A more extensive lipidomics analysis by Hehner et al. compared multiple flaviviruses (ZIKV,
DENV, WNYV, YFV, and TBEV) in human liver cells[20]. The study identified consistent patterns
across infections, including general depletion of phospholipids (PC, PE, and PS), elevation of pro-
inflammatory lyso-phospholipids, enrichment of long-chain and polyunsaturated fatty acids in
multiple lipid classes, and ceramide accumulation at late timepoints. Subsequently, the same group
found that DENV replication depends on fatty acid elongation (via ELOVL4) and desaturation (via
FADS2) at post-entry steps[57]. Altogether, lipidomic analysis of flavivirus infection has shed light
on conserved lipid requirements during replication. Further study is needed to determine the precise
mechanistic roles of different lipid species and lipid-remodeling proteins.

Flavivirus Egress

After translation and genome replication in the RO, virions assemble and bud into the ER lumen,
acquiring their lipid envelope from the modified host ER membrane. Virions are shuttled to the Golgji,
matured through prM protein cleavage, and ultimately released at the cell surface[1]. The host factors
involved in flavivirus egress are largely unknown. Flaviviruses were long assumed to hijack
components of the classical secretory pathway (i.e., exocytosis)[58] but have recently been linked to
additional routes including exosome[59,60] and secretory autophagy[61-63] pathways.

Exosomes are a type of extracellular vesicle that form within multivesicular endosomes and
transport nucleic acids, lipids, and proteins between cells[64]. Exosomes are similar in size and
structure to enveloped viruses, and exosomes derived from virus-infected cells, including
flaviviruses, often contain viral RNA and proteins[59]. A recent study found that exosomes can
package DENV and JEV sub-genomic RNA, encoding a subset of viral proteins and replicating
without producing infectious virus, and that these exosomes are infectious[60]. Given the parallels
between exosomes and flaviviruses, lipid regulators of exosome biogenesis may also contribute to
flavivirus egress. Exosomes are typically enriched in sphingomyelin, glycosphingolipids, and
cholesterol, and their formation is regulated by these and many other lipids[64].

Secretory autophagy is a recently discovered form of autophagy in which autophagosomes
bypass lysosomal degradation and are instead released at the cell surface as extracellular vesicles.
Flaviviruses hijack many autophagy-related proteins for membrane remodeling and immune
evasion[65], and it has recently been shown that ZIKV and DENV depend on secretory autophagy
proteins such as Lyn kinase[61]. Furthermore, DENV genomic RNA can be detected in secreted
autophagosomes in multiple cell types[62,63]. While lipid regulation of secretory autophagy has not
been studied, normal autophagy is regulated by many lipids[66], including some fatty acids and
sphingolipids that are upregulated during flavivirus infection[19]. It is unclear to what extent these
lipids contribute to flavivirus secretion. Overall, flaviviruses may utilize components of multiple
secretory pathways, and the mechanism of egress remains one of the largest knowledge gaps in the
flavivirus life cycle.

Virus-Mediated Mechanisms of Lipid Remodeling
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Although no flavivirus protein is known to directly modify lipids through enzymatic activity,
several of them can co-opt host cell machinery to reshape the cellular lipidome. Early studies of
flavivirus host factors found that DENV and WNV recruit fatty acid synthase (FASN) to replication
sites via NS3 and require FASN activity for replication[13,14]. Recent work by Sornprasert et al.
confirmed direct binding of FASN to both NS3 and NS5 across multiple flavivirus species, pointing
at a highly conserved lipid regulatory mechanism among flaviviruses[67].

Systematic CRISPR knockout screens identified the transmembrane ER protein TMEM41B as an
essential pan-flavivirus host factor that interacts with NS4A/NS4B and promotes RO formation[68].
Mechanistic studies have defined TMEM41B as a scramblase facilitating trans-bilayer lipid
movement, with roles in ER homeostasis, autophagy induction, and lipoprotein assembly[69-71].
Supporting these findings, Yousefi et al. demonstrated that knockout of TMEM41B or the related
scramblase VMP1 broadly disrupted lipid metabolism and prevented DENV RO formation[72]. The
conservation of TMEM41B usage across flaviviruses, coronaviruses[73], and even DNA viruses like
pseudorabies virus[74], suggests a common requirement for lipid flux and transport in diverse viral
pathogenesis mechanisms.

Lipid droplets (LDs), rich in neutral lipids like TAG and cholesteryl esters, have emerged as
essential players in flavivirus infection[75,76], primarily as platforms for protein recruitment. Studies
of individual flavivirus proteins have revealed diverse mechanisms of LD regulation. For instance,
ZIKV NS2B, NS3, and NS4A/B are able to mimic subunits of the signal recognition particle (SRP), a
central part of transmembrane protein processing, where they selectively enrich for lipid-
metabolizing proteins including long-chain-fatty-acid-CoA ligase 3 (ACSL3) and sterol O-acyl
transferase 1 (SOAT1)[77]. SOAT1, which converts cholesterol to cholesteryl esters and promotes LD
formation, is required for ZIKV replication in cerebral organoids[78]. DGAT2, another key enzyme
in LD biogenesis, was shown to be cleaved by the ZIKV protease NS2B/3, generating a stable
truncated form that escapes degradation but retains enzymatic function[79]. This surprising finding
demonstrates the complexity of flavivirus host manipulation strategies and implies that other host
proteins could be stabilized, rather than degraded, by flavivirus protease activity. Intriguingly,
autophagy factors that promote LD turnover, including AUP1 and UBE2G2, also promote flavivirus
replication[80], suggesting a requirement for dynamic LD formation and breakdown.

Emerging Tools and Techniques for Studying Virus-Lipid Interactions

Cryo-Electron Tomography

Recent studies using cryo-ET have revealed the elaborate ultrastructure of flavivirus replication
organelles as well as spatial coordination between replication and budding steps[50]. These advances
demonstrate the remarkable level of structural and spatial detail that cryo-ET now enables, serving
not only as a visualization tool but as a driver of mechanistic hypothesis generation. Continued
improvements, such as Al-driven tools for mapping membrane and protein features[81,82], are
further enhancing its utility. The ability to couple cryo-EM or cryo-ET with fluorescence microscopy,
known as correlated light and electron microscopy (CLEM)[83], enables precise protein localization
at the sub-organelle level and coupling with distinct membrane features. These advances will be
particularly valuable for dissecting how specific viral or host proteins interact with cellular
membranes.

Mass-Spectrometry Lipidomics

Lipidomics is advancing rapidly. Ozone-induced dissociation mass spectrometry (OID-MS) now
enables identification of double-bond positions within acyl chains[84,85], improving resolution of
lipid species with the same mass and enabling identification of a remarkable diversity of lipids in our
cells. Furthermore, high-resolution native MS allows characterization of intact protein-lipid
complexes[86], enabling identification of bound lipids and their stoichiometry. Native MS has been
used to reveal differences in protein-lipid binding among different protein mutants and between
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healthy and diseased cells[87,88], providing highly detailed information that can be correlated with
global lipidomic profiles[89].

Meanwhile, single-cell lipidomics is approaching widespread applicability due to improved
extraction methods, more sensitive detection, and new bioinformatic pipelines. Analyzing lipids at
the single cell level, especially when combined with single-cell transcriptomics or proteomics, can
reveal highly specific lipid signatures that correlate with the progress of viral infection. Furthermore,
spatial lipidomic information can be acquired through mass spectrometry imaging (MSI), now able
to resolve single-cell differences across a cell culture or tissue. Proof-of-concept studies have used
single-cell lipidomics and/or MSI to reveal links between lipid profiles and cellular
differentiation[90], chemotherapeutic ~drug sensitivity[91], and cardiovascular disease
progression[92], and these promising techniques have yet to be applied to flavivirus infection.

Functionalized Lipid Probes

Direct detection of lipid—protein interactions has long been challenging compared to protein-
protein interactions, but recent chemical innovations are closing this gap. One approach involves the
use of bi- and trifunctional lipid probes (Figure 3). These probes are synthetic lipids modified with
two or three functional features: a photo-cleavable cage for precise control of metabolic uptake (only
in trifunctional probes), a UV-crosslinkable diazirine for covalent capture of nearby proteins, and an
alkyne handle for downstream click chemistry-based detection or enrichment[93]. Bifunctional lipid
probes have been developed by numerous groups[94-97] and several are commercially available.
Our group has developed a panel of bi- and trifunctional lipids representing the main building blocks
of glycerolipids and sphingolipids, including fatty acids, sphinganine, and sphingosine, as well as
the glycerolipids phosphatidylethanolamine (PE), diacylglycerol (DAG), and phosphatidylinositol
phosphates (PIPs)[98-102]. These tools enable tracking of lipid metabolism via thin-layer
chromatography, subcellular localization after photo-crosslinking and fixation via fluorescent
microscopy, and identification of binding partners via mass spectrometry. Proteins identified with
these and similar lipid probes from other labs are aggregated in the LipidInteractome.org
database[103]. Bifunctional cholesterol was recently employed by the Bartenschlager group[37] to
identify novel cholesterol-binding sites in the Zika virus prM protein, and similar approaches using
other lipid species could yield additional insights into viral protein-lipid interactions.

Multi-functional lipids allow researchers to map lipid dynamics with spatial and temporal
resolution, which could provide valuable insights into the effect of flavivirus activity on specific lipid
metabolic pathways at different points in infection. Protein pull-down using clickable lipids as bait
can enable discovery of additional host factors that act upstream or downstream of dysregulated
lipids, potentially unlocking novel drug targets. Mapping the complete network of flavivirus-lipid
interactions will require development of additional probes for complex lipids, especially those
upregulated during infection.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1513.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 December 2025

'—---------hs

A :l ‘I _ o - S
1 ! ]
y i A 5 ' % ‘
: : |N__N'l ‘h---"
1 1 ‘§--—' Click
i ! Photo-Cleavable Photo- ©
| |
: : Cage Crosslinker Handle
1 ]
1 ]
1 ]
] NEtz:
[N

i Trans-
Membrane-
t K Membrane
/ | \ Eretalh Anchored

Protein
\ 1. Uptake 2. Uncaging 3. Crosslinking

*leck to Fluorophore lCIick to Fluorophore Click Pu,'f-Downi

4 Metabolic Analysis N/ Spatial Tracking \ /' Local Protein Interactome

| (Thin-Layer Chromatography) | | (Fluorescent Microscopy) | | (Proteomics) |
| | |
| ®- N |
| |- W
|| © N : |
| 0 L
l — Timepoints I l L I
N p m/z Y,

Figure 3. Trifunctional lipid probes. A) Chemical structure of trifunctional fatty acid highlighting added
functional groups, including diethylamino-coumarin as a photo-cleavable cage, diazirine as a UV crosslinking
group, and an alkyne as an azide-reactive click tag. B) Example workflow of cellular studies enabled by
trifunctional lipid probes. Following uptake and photo-uncaging, lipid probes can be extracted at multiple
downstream timepoints and analyzed by thin-layer chromatography to measure metabolic flux over time.
Alternatively, lipid probes can be photo-crosslinked to nearby proteins, allowing labeling of these proteins with
azide-conjugated fluorescent dyes for fluorescent microscopy, or pulldown with azide-functionalized beads for

proteomic analysis.

Other Emerging Tools and Techniques

Informational resources such as the CRISPRLipid repository[104] provide guidance and library
designs for CRISPR screens focusing on known lipid-modifying proteins, which could reveal
flavivirus host factors overlooked in genome-wide screens. Recently established databases of lipid-
associated proteins, including the Lipid Interactome[103] and BioDolphin[105], could be used to
design additional targeted screens or to inform mechanistic hypotheses for virus host factors. These
resources remain underutilized in virology and represent fertile ground for host factor discovery.

Biophysical techniques such as surface plasmon resonance (SPR) and biolayer interferometry
(BLI)[106] can provide quantitative information about lipid-protein interactions, including binding
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kinetics and location of binding sites. Methodological advances in preparing lipid-decorated
SPR[107,108] and BLI[109,110] surfaces have greatly improved the applicability of these techniques
to quantify lipid-protein binding. These techniques could reveal specific interactions between
flavivirus proteins and different lipid species.

Additionally, computational methods to predict membrane physical properties[111] and
protein-lipid interactions[112] are rapidly improving. These tools can facilitate rapid virtual
screening of lipid-binding proteins and can predict lipid effects on protein conformation and activity.
As computational tools are further refined and validated, these approaches will greatly enhance the
scope and depth of viral lipid research.

Concluding Remarks and Future Perspectives

Altogether, the synergy between advanced imaging, lipidomics, chemical biology, and many
other biophysical and computational techniques is transforming our understanding of how
flaviviruses exploit host lipids. Lipids are far more than passive structural components in the viral
life cycle; they are dynamic regulators of replication organelle formation, virion assembly and egress,
and other host-pathogen interactions. Across this review, we have highlighted recent methodological
breakthroughs that unlock new ways to understand lipid roles in the viral life cycle.

A significant area of controversy in the field centers around the origin and functional significance
of lipid dysregulation during infection. It is difficult to determine from lipidomic observations, for
example, whether a given lipid change is primarily driven by viral proteins or by innate cellular
defenses such as the interferon response. Likewise, it remains unclear whether many individual lipid
species ultimately promote or suppress infection. These relationships can be clarified by
manipulating individual viral proteins and the host lipid-remodeling machinery, as demonstrated
by several studies covered in this review. Whether a given lipid serves a pro- or anti-viral function
likely depends on both the timing and subcellular location of lipid perturbations, and studying these
lipid dynamics will require tools capable of manipulating and observing lipids with high
spatiotemporal resolution. Clarifying the causal mechanisms and downstream effects of lipid
perturbations will greatly aid in the development of therapeutic strategies targeting specific lipid
pathways.

A second major area of uncertainty involves the extent to which lipid perturbations are
conserved across viral species and host cellular contexts. Most virus-lipid interactions have been
characterized in immortalized cell lines, and it is not yet known how these findings translate to
infection in native cellular contexts. Comparative studies across diverse flaviviruses and cell types
are one possibility for addressing this knowledge gap, but such studies are resource-intensive and
low-throughput. Expanding investigations into more physiologically representative systems,
including organoids and primary cells, may help clarify which lipid dependencies are universal or
context-specific.

Looking ahead, several directions appear especially promising. The development of new
chemical tools, particularly functionalized versions of fatty acids, sphingolipids, and glycerolipids
with a range of chain length and saturation levels, would allow direct analysis of the specific species
elevated in flavivirus infections and identification of their protein partners. To build upon
foundational discoveries of lipid function in infection, comparative studies across flavivirus species
and host cell types could reveal which lipid dependencies are conserved or species-specific.
Additionally, lipidomics of pure flaviviruses is a promising approach to identify lipid requirements,
but definitive analysis will require technical improvements to purify flaviviruses away from
extracellular vesicles of similar size and composition. On the computational front, integrating lipid
data into existing tools could yield powerful insights into local lipid composition in cryo-ET imaging,
or predictions of protein folding and activity in different lipid environments. Due to the enormous
complexity of the lipid world, where minute structural differences across lipid species can impart
widely different biophysical properties, these computations will require novel artificial intelligence
approaches. Continued innovation in lipid science will not only clarify the molecular choreography
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of flavivirus infection, but will also guide the design of lipid-targeted therapies and diagnostics with
broad relevance to human health.
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