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Abstract:

How inflammation or disease regulates coronavirus lipid membranes is currently unknown, while
patient-derived viral envelopes have never been structurally characterized. Here, we show that four
cultured SARS-CoV-2 strains (England2, Alpha, Beta, and Delta) possess conserved,
phospholipid- and cholesterol-rich envelopes, with pro-thrombotic and infection-promoting
aminophospholipids (aPL) displayed predominantly on the outer leaflet (approximately 70-80%).
Exposure to interleukin-4 (IL-4) markedly altered envelope fatty acyl composition, whereas
interleukin-6 (with or without its soluble receptor IL-6Ra) and dexamethasone had no detectable
effect. Viral envelopes were susceptible to hydrolysis by secretory phospholipase A> (sPLA>), an
enzyme associated with adverse clinical outcomes. SARS-CoV-2 isolated directly from patient
saliva exhibited cholesterol-enriched envelopes that were highly conserved across clinical isolates.
In addition, clinical samples contained pro-coagulant oxidized phospholipids and bioactive
lipoxygenase (LOX)-derived oxylipins. The dominance of external facing pro-coagulant aPL and
eoxPL may support known thrombotic complications of severe COVIDI19 viremia. Last, gene-
silencing experiments demonstrated that 15-LOX2 is required for replication of related
coronaviruses. Together, these findings reposition the coronavirus envelope as an active, dynamic
structure rather than a passive scaffold, and challenge the protein-centric view of viral function.
The lipid envelope is proposed as a potential therapeutic target through modulation of host innate
immunity, and dampening thrombotic potential.

Significance statement:

Viruses such as SARS-CoV-2 are surrounded by a host-derived lipid envelope. Little is known
about how this changes during infection/inflammation. We determined the lipid composition of
the SARS-CoV-2 envelope using both laboratory-grown viruses and patient isolates. Across
several pandemic strains, the envelope was rich in cholesterol and phospholipids and showed a
consistent structure. Lipids linked to thrombosis and infection were mainly exposed on the outer
virus surface. The inflammatory cytokine interleukin-4 altered the envelope's fatty acid
composition, while other treatments did not. Patient-derived viruses contained additional
bioactive lipids, and blocking an enzyme that generates these lipids reduced coronavirus
replication. In summary, the envelope is an active component of infection and potential target for
new treatments to dampen infectivity and thrombosis.
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Introduction

Lipid envelopes are an essential structural and functional component of multiple virus families,
including coronaviruses such as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
and Middle East respiratory syndrome (MERS), as well as influenza, HIV, and herpes simplex
virus(/,2). They act as a carrier for viral proteins and are thought to influence virion stability. They
represent a direct target for anti-viral disruption and could potentially host bioactive or pro-
coagulant lipids generated by the host, although this has not been examined. It is generally assumed
that envelope composition reflects the membrane from which they bud. In this regard, the envelope
of a laboratory-grown SARS-CoV-2 strain (England2) was shown in our recent study to be
phospholipid (PL)-rich, with a cholesterol content consistent with its trafficking through
lysosomes prior to shedding(3). It lacked asymmetry, with high levels of pro-coagulant
phosphatidylserine (PS) and phosphatidylethanolamine (PE) on its outer surface(3). However,
beyond this, many fundamental questions remain. For example, whether altered envelope lipid
composition has contributed to the evolution of SARS-CoV-2 towards variants with increased
pandemic potential has not been determined. Whether virion membrane lipids adapt to reflect host
lipid metabolism in response to inflammatory mediators released during infection is unknown for
this or indeed any enveloped virus, nor is it understood which lipids support viral replication.
Furthermore, to date, viral envelopes have only been analyzed from in vitro-grown virus. How this
relates to the composition of in vivo replicated virus is completely unknown.

Here, we address these fundamental questions using lipidomic and genomic approaches applied to
SARS-CoV-2, MERS-CoV, and HCoV-229E, examining both viruses grown in vitro and viruses
isolated directly from infected human patients. Our study provides new insights into the biology
of the viral envelope, specifically: (i) variation in lipid molecular species and externalization of
pro-coagulant phospholipids across multiple SARS-CoV-2 pandemic strains; (ii) modulation of
envelope composition in response to inflammatory stimuli, including interleukin-6, interleukin-4,
and dexamethasone; (iii) susceptibility of viral envelopes to hydrolysis by secreted
phospholipases; (iv) detailed lipid profiles of patient-derived viruses, including major lipid classes,
oxidized phospholipid damage-associated molecular patterns (DAMPs), and lipoxygenase-derived
oxylipins; and (v) evidence that lipoxygenases are required for coronavirus replication in vitro.

Our findings provide fundamental new insights into the biology of coronavirus lipid envelopes,
with potential relevance to disease pathogenesis and broader implications for understanding
envelope biology in other human pathogens, including influenza virus, human immunodeficiency
virus (HIV), herpes simplex virus, Zika virus, and others.

Results

SARS-COV-2 variants of concern (VOC) show conserved envelope lipid composition

Coronaviruses, including SARS-CoV-2, bud from the endoplasmic reticulum (ER)/Golgi
intermediate complex and exit cells via lysosomes, all of which are organelles surrounded by a
phospholipid bilayer, and relatively low in neutral lipids such as glycerides and sterol esters(4-9).
There is also evidence for interplay between several enveloped viruses and lipid droplets, glyceride
and sterol ester-rich organelles surrounded by a phospholipid (PL) monolayer associated with ER,
mitochondria, peroxisomes, and endosomes(/0-13). In the case of SARS-CoV-2, lipid droplets
may directly act as an assembly platform for the virus(74). Considering this, the virus lipid
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envelope composition may be strongly influenced by its interactions with intracellular membranes.
Furthermore, as SARS-CoV-2 evolved during the pandemic to generate new variants containing
genetic alterations in multiple viral proteins, we hypothesized that virions with altered infectivity
may show differences in envelope composition.

To test this, the envelopes of four variants of SARS-CoV-2 cultured in AAT cells were compared
using targeted lipidomics. To standardize membrane composition between strains and biological
replicates, lipid composition is expressed as relative abundance, enabling comparison within and
across individual preparations. Across lipid categories, envelopes were remarkably similar
between strains, with few significant differences detected (Figure 1 A,B, Supplementary Figure 1).
Although the Beta strain appeared to contain more PE and PG, in tandem with less PC and PS, this
was driven by high variability between biological isolates, and differences were generally not
significant. Comparing individual molecular species also showed high similarity for most species
(Supplementary Figure 2). For PEs, several low-abundance species were lower in the Beta strain,
but this was driven by the higher (non-significant) levels of PE 16:0 16:0 and PE 16:0 16:1.
Overall, the composition of the virus envelope for these 4 variants are remarkably similar. The
ratio of cholesterol:phospholipids was also relatively similar across all four strains (Figure 1 C).

High levels of phosphatidylserine (PS) and phosphatidylethanolamine (PE) are present on
the outer surface of the lipid envelope for all variants

PE and PS on the outside of blood cell membranes are strongly pro-coagulant(/5), while PS
appears to be involved in viral entry(76). We previously showed using lipidomics that the England2
strain externalizes around 50 % of its PE and PS on the outer surface and that pathophysiological
levels of virus can stimulate plasmatic clotting in vitro(3). Extending this analysis to the other 3
variants, while Delta was similar, Alpha and Beta strains frequently displayed around 70 — 80% of
their PE and PS on the outer leaflet (Figure 1 C). Thus, other variants will be equally capable, if
not more, of supporting PE- and PS-dependent functions of the viral lipid envelope, including
infectivity and coagulation, potentially contributing to elevated thrombotic risk during disease.

Inflammation has a significant and selective impact on virus envelope lipid composition
During viral infection and ensuing inflammation, the lipid composition of mammalian cell
membranes is significantly impacted. Along with this, replication of enveloped viruses is
associated with major changes in host lipid metabolism, required to support the biogenesis of new
virion membranes(/7). As one example, Hepatitis C virus takes over the liver pathway for VLDL
assembly, maturation, and secretion to generate infectious virions(/7-19). In the case of SARS-
CoV-2, infected A549 cells show increases in triacylglycerides (TAGs), ceramides, and PL, while
infected Caco-2 cells conversely downregulate metabolism of ceramides, glycerolipids, and ether
lipids(20). Mapped onto this, inflammation directly impacts lipid metabolism, with phospholipases
activated to cleave fatty acyls (FA) from PL, generating bioactive lysophospholipids (LysoPL).
Additionally, FA are oxygenated to prostaglandins and other oxylipins during viral infection,
including in COVID19(2/). PL remodeling via the Lands cycle is also modulated during
inflammation, with some lysoPL acyl transferases (LPATs) upregulated in human disease, such as
non-alcoholic fatty liver disease and atherosclerosis (reviewed in(22)). Considering this, we
hypothesized that virion envelope composition may be impacted by membrane dynamics of host
cell organelles when the virus is replicating.
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Three factors, which are either implicated in the pathogenesis of COVID19; interleukin-6 (IL-6),
interleukin-4 (IL-4), or used for treatment (dexamethasone), that can all impact host lipid
metabolism were tested. IL-6 is significantly increased in many viral diseases and in COVID19,
is associated with disease severity, correlates with viral load, and contributes to complications such
as acute respiratory distress syndrome (ARDS)(23-29). IL-4 is a Th2 cytokine which is elevated
in and associated with severity and death in COVID19(23,27-30). Furthermore, severe asthma,
where Th2 cytokines are elevated has been associated with worse outcomes(37,32). Activation of
the STAT6 pathway by either IL-4 or IL-13 leads to generation of pro-coagulant oxidized
phospholipids, including in primary human airway epithelia(33,34). Dexamethasone has been a
recommended treatment for severe COVID19 since it was shown to result in lower mortality
among patients on invasive ventilation or oxygen therapy(35). A mainstay treatment for COVID,
Dex is administered intravenously or orally to patients in hospital during the inflammatory stage
of disease(36,37) and also administered long-term by inhalation to asthmatics as a preventative
drug. It is an agonist of the glucocorticoid receptor, that upregulates anti-inflammatory responses,
while downregulating pro-inflammatory processes. It has multiple and complex effects on lipid
metabolism in particular in the liver.

(i) IL-4 increases shedding of particles with dramatically alters phospholipid composition
AAT cells were pre-treated with IL-4 for 5 days before virus infection, as for induction of the Th2
phenotype in macrophages(38). Furthermore, IL-4 will already be present in asthmatics prior to
COVID infection in vivo. Virus particles were harvested and purified after a further 72-hour
culture. Lipidomics demonstrated that total amount of lipid detected was increased dramatically in
response to IL-4 (Figure 2 A, Supplementary Figure 3 A). However, IL-4 had only a small impact
on relative lipid class composition (Figure 2 B, Supplementary Figure 3 B,C). Specifically, while
there were significant decreases for total PE ethers and PS species, other changes were not
significant (Supplementary Figure 3 C). Next, the impact of IL-4 on fatty acyl (FA) composition
of complex lipids was tested. Across all PL categories, particles isolated from IL-4 conditioned
cells showed a consistent change in FA where 18:2/18:3-containing species were significantly
enriched, while longer chain PUFA-containing PL (20:4, 20:5, 22:4, 22:5, 22:6) were depleted
(Figure 2 C,D, Supplementary Figure 4). Also, PL containing 16:0, 18:0 and 18:1 at both Sn/ and
Sn2 positions were significantly depleted (Figure 2 C,D, Supplementary Figure 4). Thus, IL-4 is
causing significant changes to FA composition of shed particles as well as to the amount of
particles released.

(ii) IL-6 signaling does not impact viral envelope composition

To test whether inflammation alters the envelope composition, cells were first treated with the pro-
inflammatory cytokine IL-6. Before testing the effect of IL-6, it was first established that while
AAT cells express the gp130 subunit of the IL-6 receptor complex, they express little or no IL-
6Ra (Figure 3 A,B), in agreement with a previous report(39). Thus, IL-6 requires soluble IL-6R
(sIL-6Ra) to allow trans-signaling in these cells. AAT cells were infected at low MOI (0.05) with
SARS-CoV-2 England2, then after 1 hr incubation, IL-6, with or without sIL-6Ra was added and
cultured for a total of 72 hrs, with virus then isolated from supernatant as described in Methods.
No difference in levels of recovered virus was found when measured as particle counts (Figure 3
C). Lipidomics also showed that IL-6 alone or IL-6/sIL-6Ra had no significant impact on relative
proportions of lipid species in viral envelopes (Figure 3 D, Supplementary Figure 5 A,B). The ratio
of cholesterol:phospholipid was also not strongly changed, apart from a small decrease following
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either treatment (Figure 3 E). The FA composition of individual lipid categories also showed only
small impacts at the molecular level (Supplementary Figure 5 C-V). Last, when comparing ng
yields of lipids for all categories, no differences were noted (Supplementary Figure 5 W). In
summary, IL-6 signaling had no impact on the lipid envelope of SARS-CoV-2 or viral replication.

(iii) Dexamethasone does not impact viral envelope lipid composition

To mimic administration of Dex either prior to or during infection, AAT cells were incubated with
the drug (100 nM) either 24 hr before, or 24 hr after inoculation of cells with SARS-CoV-2-
England2. There were very minor changes in relative abundance of PL categories between groups
following this treatment (Supplementary Figure 6 A). Furthermore, total lipid amounts recovered
from individual isolates was relatively similar (Supplementary Figure 6 B). Comparing levels of
individual molecular species showed that Dex did not lead to any dramatic changes, and there was
no obvious impact of treatment on FA composition (Supplementary Figure 6 C-V). Although some
molecular species achieved significance, there were no obvious trends, and differences were low,
reducing biological relevance. Overall, Dex did not appear to have a major impact on virus
envelope composition.

(iv) Secretory phospholipase A2 (sPLA?) enzymes hydrolyze the SARS-CoV-2 envelope

The upregulation and activation of phospholipases is a common feature of inflammation. During
COVID19, a role for sPLA> isoforms was indicated since they increased significantly and
correlated with disease severity(21,40-44). Furthermore, sPLAjs have an impact on HIV
replication(43). The hydrolysis of virion envelopes by sPLAxs could have several consequences,
including inactivation or enhancement of infectivity, or generation of bioactive lipid mediators. To
test whether virions could be hydrolyzed by sPLA>, the hydrolytic activity of several human and
non-mammalian isoforms towards lipid membrane composition was tested using cultured virus.
Virus was incubated with enzymes for 6 hrs at 37 °C, then lipids extracted and analyzed. Overall,
all isoforms tested hydrolyzed around half of the envelope PL, without a preference for any
particular headgroup or fatty acyl composition (Figure 3 G, Supplementary Figure 7).

Lipid composition of human saliva virus isolates is conserved across patients, but highly
enriched in triglycerides compared to laboratory-grown virus

To date, the lipid composition of virions has only ever been determined following in vitro growth.
We therefore determined the lipid composition of in vivo cultured SARS-CoV-2 obtained from
human patients. During the Omicron wave, saliva was obtained from 225 patients who tested
positive for SARS-CoV-2 <5 days before sampling. On re-testing these stored samples using RT-
qPCR, several were negative and excluded from analysis. Saliva is a complex biofluid containing
components that include glycosylated mucins and proteins(45), which may trap virus leading to
difficulty with purification. Initial studies established that gradient centrifugation could not isolate
virus from saliva, so magnetic beads coupled to either anti-SARS-CoV-2 spike RBD or human
ACE2 were tested instead. Lab grown virus added to a saliva substitute was first tested prior to
using patient saliva allowing optimization of virus isolation, with ACE2 beads proving superior
(data not shown). Plaque assays performed using saliva, or samples isolated using ACE2-coupled
beads confirmed the ability of these beads to recover live virions (Supplementary Figure 8 A-C).
In this experiment, 10 RT-qPCR positive saliva samples were pooled, generating a sample with a
titer >107 pfu/ml. A two-stage purification method was then established. The first bead isolation
(DB1) recovered virus with titers >10° pfu/ml, with the second (DB2) also showing titers >10°
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pfu/ml (Supplementary Figure 8 B,C). This confirmed that the method successfully recovered
infective virus from saliva. Next, 26 patient isolates with high qRTPCR titers were individually
subjected to the magnetic bead isolation process. Lipids were then extracted from isolated virus,
and analyzed using lipidomics.

Yields of lipid recovered varied between different clinical isolates, reflecting the different levels
of virus in individual patients (Figure 4 A). No clear correlation was seen between lipids levels
and infectivity measured by RT-qPCR although this was determined prior to virus isolation
(Supplementary Figure 8 D). The most abundant lipids were TG, PC and cholesterol. However,
plotting data as relative abundance, which corrects for differences in overall yield, and comparing
with lab grown Alpha strain virus (since lab grown Omicron was not available when the lipidomics
was performed) showed that clinical isolates contained strikingly higher proportions of TG than
Alpha, at around 80 % total (Figure 4 B). As salivary glands are a major reservoir for viral
replication(46), it is possible that salivary lipids may have associated with virus particles and were
co-purified in our isolation. Saliva from healthy humans is rather low in lipid overall, with the
most abundant being non-polar, including CEs and TG with little PL present(47-50). Diseases that
impact saliva, such as cystic fibrosis, Sjogren’s syndrome, and periodontal disease are known to
lead to dramatic increases in salivary TG(51,52). Thus, comparing isolated virus with uninfected
controls would not rule out saliva TG contamination, which may be increased in viral
infection(53). Instead, to test whether the TG might come from other co-purifying particles, a
correlation analysis was performed using data on % lipids (molar amounts). Here, lipids that are
co-located together, for example based in virus particles, would be expected to correlate with each
other. Strikingly, all lipids apart from TGs correlated positively, suggesting co-location in virus
particles. In contrast, TG uniquely showed a strong negative correlation with all other categories,
indicating it may not be viral in origin (Figure 4 C). It is suspected that TG is associating with
virus particles and being co-purified. When compared on a molar basis, there was very low
variability seen between individuals for lipid composition indicating that the virus envelope is
highly conserved between genetically-unrelated humans (Supplementary Figure 9 A,B). After
excluding TG, clinical isolates were found to be relatively similar to lab grown Alpha virus for
most PLs and lysoPLs, although there was somewhat less PC, PE and PI, and more free cholesterol
detected (Figure 4 D). Reflecting this, the cholesterol:PL ratio was around 4-fold higher, at 2.4,
versus 0.53 for the lab grown Alpha strain.

Phospholipid fatty acyl composition of clinical virus shows a distinct pattern to that of Alpha
strain

Next, the FA composition of clinical isolates was compared with that of the lab grown Alpha strain.
The major molecular species for all categories were generally detected, although there were some
significant differences seen in relative abundance (Figure 5 A, Supplementary Figure 9 C,10,11).
The most abundant PC and PE species contained 16:0, 18:0, 18:1 and 20:2 for both strains, with
unsaturated PUFA such as 20:4, 20:5, and 22:4-22:6 being relatively low abundance
(Supplementary Figure 9 C). This was consistent for all PL categories and indicates that the viral
envelope is not enriched in unsaturated PUFA when generated in vivo in humans (Supplementary
Figure 10,11). However, there were some notable PL class-specific differences between the strains.
In the case of PE, for either diacyl or ether/plasmalogen forms, molecular species with 18:1 or
18:2 at Sn2 were significantly elevated, while species with 18:3, 20:1, 20:2, 20:3, 20:5 were
significantly reduced (Figure 5 A, Supplementary Figure 9 C, 10,11). There were variable
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differences for species containing the long chain PUFA 20:4, and 22:4-22:6 (Figure 5 A,
Supplementary Figure 9 C, 10,11). For PC, species with 18:2, 18:3 were significantly elevated in
clinical isolates (Supplementary Figure 9 C, 10,11) but other FA, including from 20:3 onwards
were variably changed without a consistent pattern. Higher levels of 18:2 in clinical isolates were
consistently seen for all PL categories (Figure 5 A, Supplementary Figure 9 C, 10,11). Similar to
PE, PS, PI and PG showed significant decreases in almost all PL species containing 20:1, 20:2 and
20:3 (Supplementary Figure 10,11). In summary, for clinical isolates, PL with C18 FA tended to
be higher while C20 lipids tended to be reduced when compared to lab grown Alpha strain.
Although we are comparing in vivo Omicron with in vitro Alpha, we suspect these FA differences
result from host cell FA differences, since we earlier found that variants don’t differ greatly for FA
composition (Supplementary Figure 2). The FA composition of the salivary gland tissue from
which SARS-CoV-2 is generated in humans isn’t known so this can’t be directly compared with
AAT cell FA composition in order to characterize these differences more fully.

Clinical virus contains pro-coagulant oxidized phospholipids from lipoxygenases (LOX)
Inflammatory activation of cells leads to generation of enzymatically oxidized phospholipids
(eoxPL) from LOXs, which are pro-coagulant in vitro and in vivo, through enhancing the ability
of PS to bind and activate clotting factors(54,55). Generation of truncated oxPL products during
infection of A549 cells in vitro, or in vivo in mouse lung, by influenza, was also reported
previously(56,57). Importantly, in vivo, this coincided with cyclooxygenase-2 (COX-2) induction,
which can also form eoxPL(58,59). Considering the well-known association of inflammation and
thrombosis with COVID19, we reasoned that eoxPL might be generated by inflammatory
activation of host cells and transferred to virus particles during replication in vivo, where they
could modulate the pro-coagulant or infective activities of PS. Screening the 26 clinical SARS-
CoV-2 isolates we found several molecular species of ether/plasmalogen PE containing either 15-
, 12-, 11-, 8- or 5-HETE and either 16:0, 18:0 or 18:1 at the Snl position (Figure 5 B-D,
Supplementary Figure 12). While amounts of 15-, 12-, 11- and 5-HETE-PE were overall similar,
8-HETE-PEs were considerably lower at only ~20% of the average of the others (Figure 5 B). One
diacyl (PE 18:0 5-HETE) was detected, but only in 2 isolates (Figure 5 C). OxPL were consistently
detected in 15 isolates, corresponding to those with the highest total lipid yield and may be present
in the other 11, but below limit of detection. Their isomeric pattern indicates enzymatic origin,
since non-enzymatic would result in equal amounts of positional isomers. This was further
confirmed through hydrolyzing total envelope lipids and measuring HETE chirality. 15- and 5-
HETESs comprised 70 and 94 % S-isomers, respectively, in line with their generation by leukocyte
15- or 5-LOXs, respectively (Figure 5 E). A contribution of cyclooxygenase (COX) is also
suggested since around 30 % of the 15-HETE was the R-enantiomer, with this enzyme also
generating 11-HETE and 11-HETE-PE in platelets(60,61). 12-HETE comprised around equal
amounts of both S and R isomers (Figure 5 E). This lipid could be synthesized in humans by
platelet 12-LOX (12S-HETE), or epithelial 12R-LOX (12R-HETE), with the latter expressed in
epithelial cells of tonsils or salivary glands(62,63). 8-HETE-PE is most likely non-enzymatically
generated since its levels were far lower than the others, comprising an almost equal mixture of S
and R isomers (Figure 5 E).

Clinical virus contains oxylipins derived mainly from 12-LOXSs
To examine the potential for enzymatic generation further, free oxylipins were next analyzed in a
subset of clinical isolates. The most quantitatively abundant in every isolate was 12-HETE, which
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was >5-fold higher than the next, 15-HETE, confirming enzymatic origin (Figure 6 A).
Considering that other HETE positional isomers were < 2 % the levels of 12-HETE, both 12- and
15-HETESs are confirmed to come from LOXs. Chiral analysis further confirmed this with 5- and
15-HETE being primarily S enantiomers, consistent with leukocyte-type 5- and leukocyte or
epithelial 15-LOXs, while 8- and 12-HETE were mixtures of S and R (Figure 6 B). As for eoxPL
above, we propose 8-HETE to be non-enzymatically generated, while the huge amounts of 12-
HETE detected likely originate from both platelet 12-LOX and epithelial 12R-LOX. Comparing
relative abundance of HEPEs and HDOHEs also further confirmed a role for 12-LOX, with the
most abundant being 12-HEPE and 14-HDOHE. (Figure 6 E,F). Indicating 15-LOX activity, 13-
HODE was around 5-fold more abundant than 9-HODE, and comprised mainly the S-enantiomer
(Figure 6 C,D). A small number of additional oxylipins were measured at levels < 1ng/sample, but
these were not consistently detected in all isolates (Supplementary Data). Relatively high amounts
of 17-HDOHE were present, but in only of 2/6 isolates, notably the same 2 isolates with highest
levels of 15-HETE, supporting the idea that these two are from 15-LOX. 7,17-diHDOHE was
present in the same two isolates (only) at very low levels, and co-eluted with the resolvinD5
standard, however considering the low levels of the lipid in comparison to 7-HDOHE and 5-HETE,
we assume that 5-LOX activity is unlikely contributing to 7,17-diHDOHE formation in these
isolates and non-enzymatic oxidation of 17-HDOHE is more likely. In summary, the positional
isomer and chiral patterns of HETEs, HODEs, and HEPEs/HDOHE:s strongly evidence several
LOXs to be contributing to oxylipins carried by the virus, with little or no contribution from P450
or cyclooxygenases.

ALOX15B-silenced macrophages are less susceptible to viral infection with coronaviruses
Human cells express two 15-LOX isoforms, with ALOXI5B (15-LOX2) widely expressed in
epithelial cells, as reviewed here(64). This isoform can generate both free 15-HETE, and esterified
forms including 15-HETE-PEs. Considering the tissue expression of ALOXI5B, and that lipid
peroxidation is required for replication of zika(65), another enveloped virus which buds from ER
membranes, we decided to test whether ALOXI15B expression impacts coronavirus infection.
Notably, the nature of lipid peroxidation involved in zika replication is currently unknown. Here,
two other coronaviruses that infect macrophages were tested, MERS-CoV and HCoV-229E. To
test the impact of ALOX15B, macrophages lacking the gene through siRNA knockdown were
compared with control cells which strongly express this isoform, with both viruses known to
productively replicate in macrophages(66,67).

Analysis of MERS-CoV- and HCoV-229E-encoded gene expression 24 hours post-infection (hpi)
indicated significantly reduced viral loads in ALOXI15B KD cells compared to control siRNA-
transfected macrophages (Figure 7A,B). To delineate whether reduced load at 24 hpi was mediated
by altered viral entry or through a post-entry process, macrophages were infected with MERS-
CoV and viral load assessed in a time-dependent manner from 2 to 48 hpi. Although not
significantly different at 2 or 4 hpi, viral load in ALOX15B KD cells was significantly reduced at
8 hpi and was continually diminished at 24 and 48 hpi (Figure 7 C). As viral load at 2 hpi was not
significantly different between KD and control cells, we normalized load to assess rate of
replication. Here, MERS-CoV replication from 8 to 24 hpi was significantly reduced in
ALOXI15B-attenuated macrophages (Figure 7 D). These data suggest that ALOXI5B KD
influences post-entry processes rather than viral entry.
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The impact of ALOX15B on replication is independent of cholesterol or intermediates in its
biosynthetic pathway

Many viruses target membrane cholesterol for viral binding and entry into host cells(68,69).
Furthermore, replication was shown to require intermediates from the mevalonate and sterol
biosynthesis arms of the cholesterol synthesis pathway, including mevalonate, squalene, and
geranylgeraniol (GGOH)(70-72). As ALOXI15B-silenced macrophages show reduced levels of
cholesterol precursors desmosterol and lathosterol(73), levels of plasma membrane-accessible
cholesterol, and whether deficiency in sterol intermediates contribute to the reduced viral
replication observed was next determined. Plasma membrane cholesterol exists in three
operational pools referred to as accessible, sphingomyelin (SM)-sequestered, and essential(74).
Accessible cholesterol is not sequestered by SM or other phospholipids. When its level in the
plasma membrane exceeds a certain threshold, the excess cholesterol rapidly traffics to the ER to
signal cholesterol surplus(74,75).

To assess the pool of accessible PM cholesterol the cholesterol-dependent cytolysin (CDC)
streptolysin O (SLO) derived from Streptococcus pyogenes was used(76). This is a pore-forming
toxin targeting accessible PM cholesterol for its effector function(77). When paired with the
membrane-impermeable dye propidium iodide (Prl), SLO functions as an effective tool to assess
accessible cholesterol levels(77,78) (Supplementary Figure 13 A). Naive macrophages co-treated
with SLO and Prl, but not vehicle (DTT) and Prl, displayed red intracellular fluorescence when
analyzed using Incucyte® live-cell imaging (Supplementary Figure 13 B). Quantification of Prl-
mediated fluorescence using flow cytometry showed significantly diminished Prl signal in
ALOXI15B KD compared to control siRNA-transfected macrophages (Supplementary Figure 13
C). ML-351, a 15-LOX inhibitor, also significantly reduced Prl-mediated fluorescence in non-
transfected macrophages (Supplementary Figure 13 D). Replenishment with exogenous
cholesterol, using cholesterol-complexed methyl-B-cyclodextrin (C/MBCD), increased SLO-
dependent pore formation (Prl-mediated fluorescence) in ALOXI5B KD as well as control
macrophages treated with SLO (Supplementary Figure 13 E). These data indicate that ALOX15B-
silenced macrophages exhibit reduced accessible plasma membrane cholesterol, in tandem with
reduced levels of precursors as previously shown(73).

Next, a metabolite rescue experiment in which control and ALOX15B KD macrophages infected
with MERS-CoV were subsequently treated with mevalonate, GGOH, lathosterol or desmosterol
was performed. However, in contrast to previously published results showing administration of
mevalonate and GGOH could rescue viral growth in sterol regulatory element-binding protein
(SREBP) 2-inhibited cells(70-72), neither mevalonate, GGOH nor lathosterol or desmosterol
increased MERS-CoV viral load in ALOX15B KD cells (Supplementary Table 8). This suggests
that intermediates in the mevalonate and sterol biosynthesis arms of the cholesterol synthesis
pathway are not involved with 4ALOXI5B-promoted viral infection. How ALOXI5B deletion
contributes to antiviral protection in primary human macrophages remains to be further
investigated.

DISCUSSION

In this study, the lipid envelope of SARS-CoV-2 was characterized, focusing on four human
pandemic VOCs and ex vivo isolated virus from patients. An impact of common inflammatory
factors such as cytokines and phospholipases was revealed, with the virus discovered to act as a
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reservoir for numerous bioactive, thrombotic and pro-coagulant lipids, some required for
coronavirus replication. Our studies reveal many new findings concerning the biology of this so
far poorly understood component of an important human pathogen. They indicate that coronavirus
envelopes are highly conserved between variants but also respond acutely to host factors,
generating a new paradigm for our understanding of virus biology, and paving the way for future
studies on the envelopes of other important enveloped viruses.

Surprisingly, the viral membrane of coronaviruses or indeed any enveloped viruses has not been
well studied before now, despite the fact it represents the environment in which proteins that drive
infection reside, as well as a potential repository for many bioactive lipids. It is critically important
to understand how changes in membrane composition might influence the ability of viruses to
infect cells, as well as drive downstream pathology, such as inflammation and thrombosis. While
the four SARS-CoV-2 virus strains cultured in vitro were quite similar overall, virions purified
from human saliva were quite different, with reduced amounts of specific C18 and C20-containing
species. The altered FA composition likely reflects the differences in lipids contained in AAT cells
versus cells of the salivary gland where SARS-CoV-2 is known to replicate in vivo, including
acinar and ductal epithelium(46,79). This suggests that studies on in vitro generated viruses need
to consider how the host environment in vivo might alter membrane composition, with
downstream impacts on membrane biology.

Up to now, little research has been conducted into the membrane composition of enveloped viruses
with the only mass spectrometry characterization so far published on HIV (80-82) and influenza
(83,84). Prior studies before this in the 1960s-1980s on viruses that included HIV, Sendai,
Newcastle Disease Virus and Vesicular Stomatitis Virus used older methods such as thin layer
chromatography, which do not provide molecular species information on individual lipid
classes(85-87). Furthermore, no studies have so far attempted to profile the lipids of virus isolated
from infected human hosts, examine how a virus envelope responds to host factors or profile aPL
externalization, oxPL or oxylipins. Notably, all these viruses bud from plasma membrane and in
reflection of this, their cholesterol/PL ratio is far higher, around 0.7-1 than we found for SARS-
CoV-2, which was typically around 0.4-0.7 reflecting a similar ratio to intracellular organelles such
as lysosomes from where it is proposed to bud(88). Unexpectedly, the cholesterol:PL ratio for
SARS-CoV-2 isolated from human saliva was around 4-fold higher, at 2.4, versus 0.53 for the lab
grown Alpha strain. This shows a difference between in vitro and in vivo replicated virus, which
could have implications for the ability of membrane disrupting agents to inactivate the virus(3).

Notably, global lipid composition of virus from four SARS-CoV-2 VOCs was well conserved. This
shows that mutations in viral proteins which can lead to changes in immunogenicity, infectivity or
symptoms in human disease don’t drive major alterations in envelope lipids. Importantly, all four
strains expressed large amounts of PE and PS on their outer surface, with two strains reaching 70-
80%. This level of externalization is extremely high considering activated platelets only expose up
to around 7-10 % during blood clotting(75) and reveals some strains to be likely “super activators”,
should they come in contact with activated coagulation factors. Indeed, we previously showed that
the England2 strain activates plasmatic coagulation at virion levels that are considerably lower
than those reported in BAL, saliva or subglottic aspirate(3), and a direct association of viremia
with thrombotic complications was recently demonstrated in patients(89). Furthermore it may
underscore the importance of PS as a factor enhancing SARS-CoV-2 entry(76). How the virus
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achieves this level of “asymmetry” for PS and PE in some strains is unknown since it doesn’t bud
from the plasma membrane. Recent studies point to membrane asymmetry of ER during lipid
droplet budding that relate to an excess of PL in one monolayer however, the full extent of this and
how it might be regulated by scramblases or flippases is still completely unknown(90,91).

Four factors known to alter mammalian cell lipid metabolism that are directly relevant to
COVID19 were tested for their ability to influence viral envelopes, namely IL-4, IL-6,
dexamethasone and a series of sPLA; isoforms. Of these, IL-4 led to dramatic upregulations of
lipid along with significantly reduced PUFA content across all lipid categories, while all sPLA»s
tested directly hydrolyzed the membrane. In direct support of our findings with IL-4, several
studies found that this cytokine increases PL and FA biosynthesis in mammalian cells including
endothelial and macrophages via SREBP1(92-94). Furthermore, SREBP1 activation (by M-CSF)
dramatically increases FA synthesis while reducing PUFA containing PL during macrophage
differentiation(95,96), while IL-13 (which signals via the same receptors as IL-4) elevates PC in
mouse lung(97). Last, providing a mechanistic explanation for the changes in PUFA, IL-4
downregulates elongation and desaturation enzymes responsible for their generation from
18:2/18:3 FA in cultured epithelial and lung cells(98,99). These changes may have pathological
significance for replication since SARS-CoV-2 infection leads to a dramatic increase in PUFA
species across all lipid categories, and virus survival depends on de novo FA synthesis(20).
Considering this, factors that disrupt the PUFA balance in host cells may have knock-on effects on
viral envelope composition potentially impacting replication. The significant changes on 1L-4
treatment of cells may also lead to changes in membrane fluidity or other biochemical parameters,
long ascribed to long chain FA contained in PLs(700). These could include increasing curvature
and flexibility, reducing lipid packing, and causing membrane thinning(/0/-104). Relating to
sPLA», theories have been proposed to explain its association with higher COVID mortality,
relating to its ability to hydrolyze apoptotic cells releasing cellular content, exposing more PS and
driving thrombosis, as well as providing substrates for eicosanoid and prostaglandin
biosynthesis(40,41). Our study extends this by showing that the virus is a direct target for sSPLAo,
indicating that its impact on virus biology needs further investigation.

Clinical virus contained oxylipins, both free and PL-esterified, dominated by isoforms generated
by LOX enzymes, particularly 12-, 15- and 5-LOXs, as based on both the pattern of positional
isomers and their chirality. 12-HETE could be synthesized in humans by platelet 12-LOX (12S-
HETE), or epithelial 12R-LOX (12R-HETE)(62,63). Consistent with this, I2R-LOX (ALOX12B)
is present in the SARS-CoV-2 proteome of in vitro cultured SARS-CoV-2(105). For both 5- and
15-HETE, the dominance of S enantiomers, as well as 17-HDOHE, and a high 13-HODE:9-HODE
ratio is consistent with generation by leukocyte-type 5- and either leukocyte or epithelial 15-LOXSs.
Oxidized phospholipids are widely considered as DAMPs generated at sites of injury to signal to
the innate immune system. Several studies have shown that they are generated in vitro and in vivo
in host cells or tissues following respiratory infection including influenza(706-109), but up to now
this was assumed due to production of reactive oxygen species that generate non-enzymatically-
derived species. However, previous studies used either antibody-based methods or measured
truncated end products of PL oxidation only, and it was not determined whether enzymes were
involved in their formation(706-109). Clarifying this, for SARS-CoV-2, using human clinical
isolates, we demonstrate involvement of LOXs using lipidomics, and suggest that the origin of
oxPL in other forms of enveloped viral infection should be re-evaluated. Furthermore, the presence
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of eoxPL in virus envelopes raises intriguing questions about potential function since these lipids
are well known to be pro-coagulant through enhancing the ability of PS to drive thrombin
generation(//0-112). Considering that ALOX15B is widely expressed in epithelia, our findings that
deletion of this isoform significantly reduces viral replication directly link its lipids with virus
survival and are consistent with reports of lipid oxidation being also required for zika virus
replication(65). In the zika study, which showed that free radical scavenging agent liproxstatin-1
prevents replication, the origin of the PL oxidation was not defined, and a role for LOXs is also
possible. Our data suggest that local targeting of lipid oxidation, for example using ferroptosis
inhibitors or downregulating LOX expression could be evaluated as a novel anti-viral strategy
prior to vaccination.

While our studies focused on coronaviruses, mainly SARS-CoV-2, the UK Health Security Agency
and WHO priority viral pathogens are almost all enveloped, including Ebola, Lassa, MERS,
SARS, Rift Valley fever and zika, with currently nothing known about their membranes(713,114).
This highlights a major information gap, and the importance of understanding this unique aspect
of virus biology. Our studies reveal that lipid envelopes are not simply scaffolds supporting viral
proteins and the genome, but actively participate in replication, integrity, and disease pathogenesis,
and need to be better understood and repositioned as an important modifiable focus for anti-viral
therapies across all enveloped strains, which could be targeted through host innate immunity.

MATERIALS AND METHODS

Cells and viruses

Human airway epithelial A549 and monkey kidney epithelial VeroE6 cells were gifts from the
University of Glasgow/MRC Centre for Virology, UK. To enhance infectivity and produce a more
sensitive cell line for detection of virus, both cell types were transduced with lentiviruses encoding
ACE2 and TMPRSS2, two critical proteins for entry of the virus, and then drug selected as
described creating the Vero A/T or AAT cell lines(715). Four different strains of SARS-CoV-2
were used: England2 (Wuhan), Alpha (Kent, B.1.1.7), Beta (South Africa, B.1.351) and Delta
(India, B.1.617.2), provided by Public Health England. All viral were strains amplified in Vero
A/T cells before being harvested from the supernatant and titrated in AAT (England2) or AA
(Alpha, Beta, Delta) cells for subsequent experiments. All cells were grown in DMEM containing
10 % FCS until infected, after which they were maintained in 2 % FCS, and incubated at 37 °C in
5% COa.

Cell culture and harvest of in vitro generated virus particles

Culture and infection of AAT cells with virus is outlined in full in Supplementary Methods,
including assessment of AAT cells for IL-6 responsiveness, and treatment of cells with IL-6, IL-
4, dexamethasone and sPLA; isoforms.

Collection of clinical samples, and isolation of virus.

Clinical samples were collected under Research Ethics Committee approval (REC 21/PR/1189,
IRAS 299479) with informed consent with Infection Services for Public Health Wales and
University Health Boards across Wales (Aneurin Bevan, Betsi Cadwaladr, Cardiff and Vale, and
Cwm Taf Morgannwg) in accordance with the Declaration of Helsinki. Inclusion/exclusion
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criteria, harvest and storage and isolation of live SARS-CoV-2 using human ACE2-coupled
magnetic beads (Acro Biosystems) are outlined in Supplementary Methods.

Lipid extraction for lipidomics profiling
Lipids were extracted from virus particles following addition of internal standards, as outlined in
Supplementary Methods.

Targeted LC/MS/MS analysis of virus lipids

Several targeted assays were used to analyze lipids from in vitro cultured, or ex vivo harvested
virus, including for PL, SM, lysoPL, cholesterol, CE, TGs, external facing PE and PS, oxPL and
oxylipins. Chiral analysis was used to determine S/R ratio of oxylipins. All methods are detailed
in full in Supplementary Methods.

RNA extraction
Nucleic acids were extracted from saliva using a protocol adapted from the automated Bio-On-
Magnetic-Beads (BOMB) COVID-19 protocol(716), with full details in Supplementary Methods.

Plaque assay
Viral titers were determined using a standard plaque assay, as outlined in Supplementary Methods.

RT-qPCR analysis of SARS-CoV2.
Reverse transcriptase-polymerase chain reaction (RT-PCR) was used for detection of three gene
regions, SARS-CoV-2 nucleocapsid N1 and N2, and the small envelope protein (E) gene, as
outlined in Supplementary Methods.

Virus propagation, and infection of ALOX15B-silenced macrophages

For virus propagation, Caco-2 or Vero cells (DSMZ, Braunschweig, Germany) were used as
outlined in Supplementary Methods. Human peripheral blood mononuclear cells were isolated
from commercially obtained buffy coats of anonymous donors (DRK-Blutspendedienst Baden-
Wiirttemberg-Hessen, Institut fiir Transfusionsmedizin und Immunhidmatologie, Frankfurt,
Germany) using Ficoll density centrifugation, differentiated and infected as outlined in
Supplementary Methods. Infection was determined by intracellular viral RNA by qPCR at different
time points, with primers listed in Supplementary Methods. In some experiments, sterol
intermediates were included, as outlined in Supplementary Methods. Live cell imaging and
measurement of accessible cholesterol is described in full in Supplementary Methods.

Statistics.
A full description of statistical approaches and strategies used is provided in Supplementary
Methods.


https://doi.org/10.1101/2025.11.03.686211
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.03.686211; this version posted January 4, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

REFERENCES

1. H. Garoff, K. Simons, B. Dobberstein, Assembly of the Semliki Forest virus membrane
glycoproteins in the membrane of the endoplasmic reticulum in vitro. Journal of molecular
biology 124, 587-600 (1978).

2. M. J. Gerl, J. L. Sampaio, S. Urban, L. Kalvodova, J.-M. Verbavatz, B. Binnington, D.
Lindemann, C. A. Lingwood, A. Shevchenko, C. Schroeder, Quantitative analysis of the
lipidomes of the influenza virus envelope and MDCK cell apical membrane. Journal of Cell
Biology 196, 213-221 (2012).

3. Z. Saud, V. J. Tyrrell, A. Zaragkoulias, M. B. Protty, E. Statkute, A. Rubina, K. Bentley, D. A.
White, P. D. S. Rodrigues, R. C. Murphy, H. Kofeler, W. J. Griffiths, J. Alvarez-Jarreta, R. W.
Brown, R. G. Newcombe, J. Heyman, M. Pritchard, R. W. J. McLeod, A. Arya, C.-A. Lynch, D.
Owens, P. V. Jenkins, N. J. Buurma, V. B. O’Donnell, D. W. Thomas, R. J. Stanton, The SARS-
CoV2 envelope differs from host cells, exposes procoagulant lipids, and is disrupted in vivo by
oral rinses. Journal of Lipid Research 63, 100208 (2022).

4, H. Paidassi, P. Tacnet-Delorme, V. Garlatti, C. Darnault, B. Ghebrehiwet, C. Gaboriaud, G. J.
Arlaud, P. Frachet, Clq binds phosphatidylserine and likely acts as a multiligand-bridging
molecule in apoptotic cell recognition. The Journal of Immunology 180, 2329-2338 (2008).

5. J. R. Cohen, L. D. Lin, C. E. Machamer, Identification of a Golgi complex-targeting signal in the
cytoplasmic tail of the severe acute respiratory syndrome coronavirus envelope protein. Journal
of virology 85, 5794-5803 (2011).

6. C. E. McBride, J. Li, C. E. Machamer, The cytoplasmic tail of the severe acute respiratory
syndrome coronavirus spike protein contains a novel endoplasmic reticulum retrieval signal that
binds COPI and promotes interaction with membrane protein. Journal of virology 81, 2418-2428
(2007).

7. A. Perrier, A. Bonnin, L. Desmarets, A. Danneels, A. Goffard, Y. Rouillé, J. Dubuisson, S.
Belouzard, The C-terminal domain of the MERS coronavirus M protein contains a trans-Golgi
network localization signal. Journal of Biological Chemistry 294, 14406—14421 (2019).

8. J. Tooze, S. A. Tooze, S. D. Fuller, Sorting of progeny coronavirus from condensed secretory
proteins at the exit from the trans-Golgi network of AtT20 cells. The Journal of cell biology 105,
1215-1226 (1987).

9. S. A. Tooze, J. Tooze, G. Warren, Site of addition of N-acetyl-galactosamine to the E1
glycoprotein of mouse hepatitis virus-A59. The Journal of cell biology 106, 1475-1487 (1988).

10. M. A. Farias, B. Diethelm-Varela, A. M. Kalergis, P. A. Gonzalez, Interplay between lipid
metabolism, lipid droplets and RNA virus replication. Critical Reviews in Microbiology
10.1080/1040841X.2023.2224424, 1-25.

11. Y. Guo, K. R. Cordes, R. V. Farese, Jr, T. C. Walther, Lipid droplets at a glance. Journal of Cell
Science 122, 749-752 (2009).

12. J. A. Olzmann, P. Carvalho, Dynamics and functions of lipid droplets. Nature Reviews Molecular
Cell Biology 20, 137-155 (2019).

13. L. Cui, P. Liu, Two Types of Contact Between Lipid Droplets and Mitochondria. Frontiers in Cell
and Developmental Biology 8 (2020).

14. S. S. G. Dias, V. C. Soares, A. C. Ferreira, C. Q. Sacramento, N. Fintelman-Rodrigues, J. R.
Temerozo, L. Teixeira, M. A. Nunes da Silva, E. Barreto, M. Mattos, C. S. de Freitas, 1. G.
Azevedo-Quintanilha, P. P. A. Manso, M. D. Miranda, M. M. Siqueira, E. D. Hottz, C. R. R. Pao,
D. C. Bou-Habib, D. F. Barreto-Vieira, F. A. Bozza, T. M. L. Souza, P. T. Bozza, Lipid droplets
fuel SARS-CoV-2 replication and production of inflammatory mediators. PLOS Pathogens 16,
€1009127 (2020).

15. S. R. Clark, C. P. Thomas, V. J. Hammond, M. Aldrovandi, G. W. Wilkinson, K. W. Hart, R. C.
Murphy, P. W. Collins, V. B. O’Donnell, Characterization of platelet aminophospholipid


https://doi.org/10.1101/2025.11.03.686211
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.03.686211; this version posted January 4, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

externalization reveals fatty acids as molecular determinants that regulate coagulation.
Proceedings of the National Academy of Sciences 110, 5875-5880 (2013).

16. D. Bohan, H. Van Ert, N. Ruggio, K. J. Rogers, M. Badreddine, J. A. Aguilar Brisefio, J. M. Elliff,
R. A. Rojas Chavez, B. Gao, T. Stokowy, E. Christakou, P. Kursula, D. Micklem, G. Gausdal, H.
Haim, J. Minna, J. B. Lorens, W. Maury, Phosphatidylserine receptors enhance SARS-CoV-2
infection. PLOS Pathogens 17, 1009743 (2021).

17. E. Ketter, G. Randall, Virus Impact on Lipids and Membranes. Annual Review of Virology 6, 319—
340 (2019).

18. H. Huang, F. Sun, D. M. Owen, W. Li, Y. Chen, M. Gale Jr, J. Ye, Hepatitis C virus production by
human hepatocytes dependent on assembly and secretion of very low-density lipoproteins.
Proceedings of the National Academy of Sciences 104, 5848—5853 (2007).

19. Z. Feng, L. Hensley, K. L. McKnight, F. Hu, V. Madden, L. Ping, S.-H. Jeong, C. Walker, R. E.
Lanford, S. M. Lemon, A pathogenic picornavirus acquires an envelope by hijacking cellular
membranes. Nature 496, 367-371 (2013).

20. S. E. Farley, J. E. Kyle, H. C. Leier, L. M. Bramer, J. B. Weinstein, T. A. Bates, J.-Y. Lee, T. O.
Metz, C. Schultz, F. G. Tafesse, A global lipid map reveals host dependency factors conserved
across SARS-CoV-2 variants. Nature Communications 13, 3487 (2022).

21. H. Meng, A. Sengupta, E. Ricciotti, A. Mrcela, D. Mathew, L. L. Mazaleuskaya, S. Ghosh, T. G.
Brooks, A. P. Turner, A. S. Schanoski, N. F. Lahens, A. W. Tan, A. Woolfork, G. Grant, K.
Susztak, A. G. Letizia, S. C. Sealfon, E. J. Wherry, K. Laudanski, A. M. Weljie, N. J. Meyer, G.
A. FitzGerald, Deep phenotyping of the lipidomic response in COVID-19 and non-COVID-19
sepsis. Clin Transl Med 13, 1440 (2023).

22. B. Wang, P. Tontonoz, Phospholipid Remodeling in Physiology and Disease. Annual Review of
Physiology 81, 165-188 (2019).

23. D. M. Del Valle, S. Kim-Schulze, H.-H. Huang, N. D. Beckmann, S. Nirenberg, B. Wang, Y.
Lavin, T. H. Swartz, D. Madduri, A. Stock, T. U. Marron, H. Xie, M. Patel, K. Tuballes, O. Van
Ockelen, A. Rahman, P. Kovatch, J. A. Aberg, E. Schadt, S. Jagannath, M. Mazumdar, A. W.
Charney, A. Firpo-Betancourt, D. R. Mendu, J. Jhang, D. Reich, K. Sigel, C. Cordon-Cardo, M.
Feldmann, S. Parekh, M. Merad, S. Gnjatic, An inflammatory cytokine signature predicts
COVID-19 severity and survival. Nature Medicine 26, 1636—1643 (2020).

24, C. Turnquist, B. M. Ryan, I. Horikawa, B. T. Harris, C. C. Harris, Cytokine Storms in Cancer and
COVID-19. Cancer Cell 38, 598-601 (2020).

25. J. B. Moore, C. H. June, Cytokine release syndrome in severe COVID-19. Science 368, 473-474
(2020).

26. L. Velazquez-Salinas, A. Verdugo-Rodriguez, L. L. Rodriguez, M. V. Borca, The Role of
Interleukin 6 During Viral Infections. Frontiers in Microbiology 10 (2019).

27. P. Bost, A. Giladi, Y. Liu, Y. Bendjelal, G. Xu, E. David, R. Blecher-Gonen, M. Cohen, C.
Medaglia, H. Li, Host-viral infection maps reveal signatures of severe COVID-19 patients. Cel/
181, 1475-1488. 1412 (2020).

28. E. J. Giamarellos-Bourboulis, M. G. Netea, N. Rovina, K. Akinosoglou, A. Antoniadou, N.
Antonakos, G. Damoraki, T. Gkavogianni, M.-E. Adami, P. Katsaounou, Complex immune
dysregulation in COVID-19 patients with severe respiratory failure. Cell host & microbe 27, 992—
1000. 1003 (2020).

29. J. Huang, A. J. Hume, K. M. Abo, R. B. Werder, C. Villacorta-Martin, K.-D. Alysandratos, M. L.
Beermann, C. Simone-Roach, J. Lindstrom-Vautrin, J. Olejnik, SARS-CoV-2 infection of
pluripotent stem cell-derived human lung alveolar type 2 cells elicits a rapid epithelial-intrinsic
inflammatory response. Cell Stem Cell 27, 962-973. €967 (2020).

30. H. Hu, H. Pan, R. Li, K. He, H. Zhang, L. Liu, Increased Circulating Cytokines Have a Role in
COVID-19 Severity and Death With a More Pronounced Effect in Males: A Systematic Review
and Meta-Analysis. Frontiers in Pharmacology 13 (2022).


https://doi.org/10.1101/2025.11.03.686211
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.03.686211; this version posted January 4, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

31. Z. Wu, J. M. McGoogan, Characteristics of and important lessons from the coronavirus disease
2019 (COVID-19) outbreak in China: summary of a report of 72 314 cases from the Chinese
Center for Disease Control and Prevention. jama 323, 1239—-1242 (2020).

32. E. J. Williamson, A. J. Walker, K. Bhaskaran, S. Bacon, C. Bates, C. E. Morton, H. J. Curtis, A.
Mehrkar, D. Evans, P. Inglesby, J. Cockburn, H. I. McDonald, B. MacKenna, L. Tomlinson, I. J.
Douglas, C. T. Rentsch, R. Mathur, A. Y. S. Wong, R. Grieve, D. Harrison, H. Forbes, A.
Schultze, R. Croker, J. Parry, F. Hester, S. Harper, R. Perera, S. J. W. Evans, L. Smeeth, B.
Goldacre, Factors associated with COVID-19-related death using OpenSAFELY. Nature 584,
430436 (2020).

33. J. Zhao, Y. Minami, E. Etling, J. M. Coleman, S. N. Lauder, V. Tyrrell, M. Aldrovandi, V.
O'Donnell, H. E. Claesson, V. Kagan, S. Wenzel, Preferential Generation of 15-HETE-PE
Induced by IL-13 Regulates Goblet Cell Differentiation in Human Airway Epithelial Cells. Am J
Respir Cell Mol Biol 57, 692701 (2017).

34, B. H. Maskrey, A. Bermtidez-Fajardo, A. H. Morgan, E. Stewart-Jones, V. Dioszeghy, G. W.
Taylor, P. R. Baker, B. Coles, M. J. Coffey, H. Kiihn, V. B. O'Donnell, Activated platelets and
monocytes generate four hydroxyphosphatidylethanolamines via lipoxygenase. J Biol Chem 282,
2015120163 (2007).

35. T. R. C. Group, Dexamethasone in Hospitalized Patients with Covid-19. New England Journal of
Medicine 384, 693—704 (2020).

36. T. R. C. Group, Dexamethasone in Hospitalized Patients with Covid-19. New England Journal of
Medicine 384, 693-704 (2021).

37. A. Perner, B. Venkatesh, Higher-dose dexamethasone for patients with COVID-19 and
hypoxaemia? The Lancet 401, 1474-1476 (2023).

38. D. J. Conrad, H. Kuhn, M. Mulkins, E. Highland, E. Sigal, Specific inflammatory cytokines
regulate the expression of human monocyte 15-lipoxygenase. Proc Natl Acad Sci U S A 89, 217—
221 (1992).

39. H. O. Duan, P. J. Simpson-Haidaris, Cell type-specific differential induction of the human
gamma-fibrinogen promoter by interleukin-6. J Biol Chem 281, 12451-12457 (2006).

40. F. A. Kuypers, C. A. Rostad, E. J. Anderson, A. Chahroudi, P. Jaggi, J. Wrammert, G. Mantus, R.
Basu, F. Harris, B. Hanberry, A. Camacho-Gonzalez, S. Manoranjithan, M. Vos, L. A. Brown, C.
R. Morris, Secretory phospholipase A2 in SARS-CoV-2 infection and multisystem inflammatory
syndrome in children (MIS-C). Exp Biol Med (Maywood) 246, 25432552 (2021).

41. J. M. Snider, J. K. You, X. Wang, A. J. Snider, B. Hallmark, M. M. Zec, M. C. Seeds, S. Sergeant,
L. Johnstone, Q. Wang, R. Sprissler, T. F. Carr, K. Lutrick, S. Parthasarathy, C. Bime, H. H.
Zhang, C. Luberto, R. R. Kew, Y. A. Hannun, S. Guerra, C. E. McCall, G. Yao, M. Del Poeta, F.
H. Chilton, Group IIA secreted phospholipase A2 is associated with the pathobiology leading to
COVID-19 mortality. The Journal of Clinical Investigation 131 (2021).

42. E. Lu, A. Hara, S. Sun, B. Hallmark, J. M. Snider, M. C. Seeds, J. C. Watkins, C. E. McCall, H.
H. Zhang, G. Yao, F. H. Chilton, Temporal associations of plasma levels of the secreted
phospholipase A2 family and mortality in severe COVID-19. European Journal of Immunology
54, 2350721 (2024).

43. J. Pungercar, F. Bihl, G. Lambeau, . Krizaj, What do secreted phospholipases A(2) have to offer
in combat against different viruses up to SARS-CoV-2? Biochimie 189, 40-50 (2021).

44, L. R. Wong, J. Zheng, K. Wilhelmsen, K. Li, M. E. Ortiz, N. J. Schnicker, A. Thurman, A. A.
Pezzulo, P. J. Szachowicz, P. Li, R. Pan, K. Klumpp, F. Aswad, J. Rebo, S. Narumiya, M.
Murakami, S. Zuniga, I. Sola, L. Enjuanes, D. K. Meyerholz, K. Fortney, P. B. McCray, Jr., S.
Perlman, Eicosanoid signalling blockade protects middle-aged mice from severe COVID-19.
Nature 605, 146151 (2022).

45. S. P. Humphrey, R. T. Williamson, A review of saliva: Normal composition, flow, and function.
The Journal of Prosthetic Dentistry 85, 162—169 (2001).


https://doi.org/10.1101/2025.11.03.686211
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.03.686211; this version posted January 4, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

46. N. Huang, P. Pérez, T. Kato, Y. Mikami, K. Okuda, R. C. Gilmore, C. D. Conde, B. Gasmi, S.
Stein, M. Beach, E. Pelayo, J. O. Maldonado, B. A. Lafont, S.-I. Jang, N. Nasir, R. J. Padilla, V.
A. Murrah, R. Maile, W. Lovell, S. M. Wallet, N. M. Bowman, S. L. Meinig, M. C. Wolfgang, S.
N. Choudhury, M. Novotny, B. D. Aevermann, R. H. Scheuermann, G. Cannon, C. W. Anderson,
R. E. Lee, J. T. Marchesan, M. Bush, M. Freire, A. J. Kimple, D. L. Herr, J. Rabin, A. Grazioli, S.
Das, B. N. French, T. Pranzatelli, J. A. Chiorini, D. E. Kleiner, S. Pittaluga, S. M. Hewitt, P. D.
Burbelo, D. Chertow, D. E. Kleiner, M. S. De Melo, E. Dikoglu, S. Desar, K. Ylaya, J.-Y. Chung,
G. Smith, D. S. Chertow, K. M. Vannella, M. Ramos-Benitez, S. C. Ramelli, S. J. Samet, A. L.
Babyak, L. P. Valenica, M. E. Richert, N. Hays, M. Purcell, S. Singireddy, J. Wu, J. Chung, A.
Borth, K. Bowers, A. Weichold, D. Tran, R. J. Madathil, E. M. Krause, D. L. Herr, J. Rabin, J. A.
Herrold, A. Tabatabai, E. Hochberg, C. Cornachione, A. R. Levine, M. T. McCurdy, K. K.
Saharia, Z. Chancer, M. A. Mazzeffi, J. E. Richards, J. W. Eagan, Y. Sangwan, 1. Sequeira, S. A.
Teichmann, A. J. Kimple, K. Frank, J. Lee, R. C. Boucher, S. A. Teichmann, B. M. Warner, K. M.
Byrd, N. C.-A. Consortium, H. C. A. Oral, N. Craniofacial Biological, SARS-CoV-2 infection of
the oral cavity and saliva. Nature Medicine 27, 892-903 (2021).

47. A.J. Brasser, C. A. Barwacz, D. V. Dawson, K. A. Brogden, D. R. Drake, P. W. Wertz, Presence
of wax esters and squalene in human saliva. Archives of Oral Biology 56, 588-591 (2011).

48. B. Larsson, G. Olivecrona, T. Ericson, Lipids in human saliva. Archives of Oral Biology 41, 105—
110 (1996).

49. B. L. Slomiany, V. L. Murty, A. Slomiany, Salivary lipids in health and disease. Progress in lipid
research 24, 311-324 (1985).

50. B. L. Slomiany, E. Zdebska, V. L. N. Murty, A. Slomiany, K. Petropoulou, I. D. Mandel, Lipid
composition of human labial salivary gland secretions. Archives of Oral Biology 28, 711-714
(1983).

51. V. Kalburgi, S. Leburu, S. Warad, Saliva as a surrogate to explore the association between lipid
profiles and chronic periodontitis: A case-control study. Dent Res J (Isfahan) 11, 619—623 (2014).

52. J. Matczuk, M. Zendzian-Piotrowska, M. Maciejczyk, K. Kurek, Salivary lipids: A review. Adv
Clin Exp Med 26, 1021-1029 (2017).

53. M. Caterino, R. Fedele, V. Carnovale, A. Castaldo, M. Gelzo, P. lacotucci, M. Ruoppolo, G.
Castaldo, Lipidomic alterations in human saliva from cystic fibrosis patients. Scientific Reports
13, 600 (2023).

54. S. N. Lauder, K. Allen-Redpath, D. A. Slatter, M. Aldrovandi, A. O'Connor, D. Farewell, C. L.
Percy, J. E. Molhoek, S. Rannikko, V. J. Tyrrell, S. Ferla, G. L. Milne, A. W. Poole, C. P. Thomas,
S. Obaji, P. R. Taylor, S. A. Jones, P. G. de Groot, R. T. Urbanus, S. Horkko, S. Uderhardt, J.
Ackermann, P. Vince Jenkins, A. Brancale, G. Kronke, P. W. Collins, V. B. O'Donnell, Networks
of enzymatically oxidized membrane lipids support calcium-dependent coagulation factor binding
to maintain hemostasis. Sci Signal 10 (2017).

55. D. A. Slatter, C. L. Percy, K. Allen-Redpath, J. M. Gajsiewicz, N. J. Brooks, A. Clayton, V. J.
Tyrrell, M. Rosas, S. N. Lauder, A. Watson, M. Dul, Y. Garcia-Diaz, M. Aldrovandi, M. Heurich,
J. Hall, J. H. Morrissey, S. Lacroix-Desmazes, S. Delignat, P. V. Jenkins, P. W. Collins, V. B.
O’Donnell, Enzymatically oxidized phospholipids restore thrombin generation in coagulation
factor deficiencies. JCI Insight 3 (2019).

56. B. J. Van Lenten, A. C. Wagner, M. Navab, G. M. Anantharamaiah, E. K.-W. Hui, D. P. Nayak, A.
M. Fogelman, D-4F, an Apolipoprotein A-I Mimetic Peptide, Inhibits the Inflammatory Response
Induced by Influenza A Infection of Human Type Il Pneumocytes. Circulation 110, 3252-3258
(2004).

57. K. A. Shirey, W. Lai, A. J. Scott, M. Lipsky, P. Mistry, L. M. Pletneva, C. L. Karp, J. McAlees, T.
L. Gioannini, J. Weiss, W. H. Chen, R. K. Ernst, D. P. Rossignol, F. Gusovsky, J. C. Blanco, S. N.
Vogel, The TLR4 antagonist Eritoran protects mice from lethal influenza infection. Nature 497,
498-502 (2013).


https://doi.org/10.1101/2025.11.03.686211
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.03.686211; this version posted January 4, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

58. D. A. Slatter, M. Aldrovandi, A. O'Connor, S. M. Allen, C. J. Brasher, R. C. Murphy, S.
Mecklemann, S. Ravi, V. Darley-Usmar, V. B. O'Donnell, Mapping the Human Platelet Lipidome
Reveals Cytosolic Phospholipase A2 as a Regulator of Mitochondrial Bioenergetics during
Activation. Cell Metab 23, 930-944 (2016).

59. M. B. Protty, V. J. Tyrrell, A. A. Hajeyah, B. Morgan, D. Costa, Y. Li, A. Choudhury, R. Mitra, D.
Bosanquet, A. Reed, 1. K. Denisenko, K. Nagata, H. Shindou, B. F. Cravatt, A. W. Poole, T.
Shimizu, Z. Yousef, P. W. Collins, V. B. O'Donnell, Aspirin modulates generation of procoagulant
phospholipids in cardiovascular disease, by regulating LPCAT3. J Lipid Res 66, 100727 (2024).

60. E. D. Thuresson, K. M. Lakkides, W. L. Smith, Different catalytically competent arrangements of
arachidonic acid within the cyclooxygenase active site of prostaglandin endoperoxide H synthase-
1 lead to the formation of different oxygenated products. J Biol Chem 275, 8501-8507 (2000).

61. M. B. Protty, V. J. Tyrrell, A. A. Hajeyah, B. Morgan, D. Costa, Y. Li, A. Choudhury, R. Mitra, D.
Bosanquet, A. Reed, 1. K. Denisenko, K. Nagata, H. Shindou, B. F. Cravatt, A. W. Poole, T.
Shimizu, Z. Yousef, P. W. Collins, V. B. O'Donnell, Aspirin modulates generation of procoagulant
phospholipids in cardiovascular disease, by regulating LPCAT3. J Lipid Res 66, 100727 (2025).

62. P. Krieg, F. Marks, G. Fiirstenberger, A gene cluster encoding human epidermis-type
lipoxygenases at chromosome 17p13. 1: cloning, physical mapping, and expression. Genomics
73, 323-330 (2001).

63. C. Schneider, D. S. Keeney, W. E. Boeglin, A. R. Brash, Detection and cellular localization of
12R-lipoxygenase in human tonsils. Archives of biochemistry and biophysics 386, 268-274
(2001).

64. Y. Benatzy, M. A. Palmer, B. Briine, Arachidonate 15-lipoxygenase type B: Regulation, function,
and its role in pathophysiology. Frontiers in Pharmacology Volume 13 - 2022 (2022).

65. S. Denolly, A. Stukalov, U. Barayeu, A. N. Rosinski, P. Kritsiligkou, S. Joecks, T. P. Dick, A.
Pichlmair, R. Bartenschlager, Zika virus remodelled ER membranes contain proviral factors
involved in redox and methylation pathways. Nature Communications 14, 8045 (2023).

66. S. Patterson, M. R. Macnaughton, Replication of human respiratory coronavirus strain 229E in
human macrophages. J Gen Virol 60, 307-314 (1982).

67. J. Zhou, H. Chu, C. Li, B. H. Wong, Z. S. Cheng, V. K. Poon, T. Sun, C. C. Lau, K. K. Wong, J. Y.
Chan, J. F. Chan, K. K. To, K. H. Chan, B. J. Zheng, K. Y. Yuen, Active replication of Middle
East respiratory syndrome coronavirus and aberrant induction of inflammatory cytokines and
chemokines in human macrophages: implications for pathogenesis. J Infect Dis 209, 1331-1342
(2014).

68. S. Wang, W. Li, H. Hui, S. K. Tiwari, Q. Zhang, B. A. Croker, S. Rawlings, D. Smith, A. F.
Carlin, T. M. Rana, Cholesterol 25&#x2010;Hydroxylase inhibits
SARS&#x2010;CoV&#x2010;2 and other coronaviruses by depleting membrane cholesterol. The
EMBO Journal 39, €106057 (2020).

69. S. T. Yang, A. J. B. Kreutzberger, J. Lee, V. Kiessling, L. K. Tamm, The role of cholesterol in
membrane fusion. Chem Phys Lipids 199, 136—143 (2016).

70. M. Blanc, W. Y. Hsieh, K. A. Robertson, S. Watterson, G. Shui, P. Lacaze, M. Khondoker, P.
Dickinson, G. Sing, S. Rodriguez-Martin, P. Phelan, T. Forster, B. Strobl, M. Miiller, R.
Riemersma, T. Osborne, M. R. Wenk, A. Angulo, P. Ghazal, Host defense against viral infection
involves interferon mediated down-regulation of sterol biosynthesis. PLoS Biol 9, €1000598
(2011).

71. M. Blanc, W. Y. Hsieh, K. A. Robertson, K. A. Kropp, T. Forster, G. Shui, P. Lacaze, S.
Watterson, S. J. Griffiths, N. J. Spann, A. Meljon, S. Talbot, K. Krishnan, D. F. Covey, M. R.
Wenk, M. Craigon, Z. Ruzsics, J. Haas, A. Angulo, W. J. Griffiths, C. K. Glass, Y. Wang, P.
Ghazal, The transcription factor STAT-1 couples macrophage synthesis of 25-hydroxycholesterol
to the interferon antiviral response. Immunity 38, 106-118 (2013).

72. K. A. Robertson, W. Y. Hsieh, T. Forster, M. Blanc, H. Lu, P. J. Crick, E. Yutuc, S. Watterson, K.
Martin, S. J. Griffiths, A. J. Enright, M. Yamamoto, M. M. Pradeepa, K. A. Lennox, M. A.


https://doi.org/10.1101/2025.11.03.686211
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.03.686211; this version posted January 4, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Behlke, S. Talbot, J. Haas, L. Dolken, W. J. Griffiths, Y. Wang, A. Angulo, P. Ghazal, An
Interferon Regulated MicroRNA Provides Broad Cell-Intrinsic Antiviral Immunity through
Multihit Host-Directed Targeting of the Sterol Pathway. PLOS Biology 14, €1002364 (2016).

73. Y. Benatzy, M. A. Palmer, D. Liitjohann, R. I. Ohno, N. Kampschulte, N. H. Schebb, D. C.
Fuhrmann, R. G. Snodgrass, B. Briine, ALOX15B controls macrophage cholesterol homeostasis
via lipid peroxidation, ERK1/2 and SREBP2. Redox Biol 72, 103149 (2024).

74. A. Das, M. S. Brown, D. D. Anderson, J. L. Goldstein, A. Radhakrishnan, Three pools of plasma
membrane cholesterol and their relation to cholesterol homeostasis. eLife 3, €02882 (2014).

75. R. E. Infante, A. Radhakrishnan, Continuous transport of a small fraction of plasma membrane
cholesterol to endoplasmic reticulum regulates total cellular cholesterol. eLife 6, €25466 (2017).

76. S. C. Feil, D. B. Ascher, M. J. Kuiper, R. K. Tweten, M. W. Parker, Structural studies of
Streptococcus pyogenes streptolysin O provide insights into the early steps of membrane
penetration. J Mol Biol 426, 785-792 (2014).

77. F. Ogasawara, F. Kano, M. Murata, Y. Kimura, N. Kioka, K. Ueda, Changes in the asymmetric
distribution of cholesterol in the plasma membrane influence streptolysin O pore formation.
Scientific Reports 9, 4548 (2019).

78. M.-S. Lee, S. J. Bensinger, Reprogramming cholesterol metabolism in macrophages and its role
in host defense against cholesterol-dependent cytolysins. Cellular & Molecular Immunology 19,
327-336 (2022).

79. B. F. Matuck, M. Dolhnikoff, A. N. Duarte-Neto, G. Maia, S. C. Gomes, D. I. Sendyk, A.
Zarpellon, N. P. de Andrade, R. A. Monteiro, J. R. R. Pinho, M. S. Gomes-Gouvéa, S. C. Souza,
C. Kanamura, T. Mauad, P. H. N. Saldiva, P. H. Braz-Silva, E. G. Caldini, L. F. F. da Silva,
Salivary glands are a target for SARS-CoV-2: a source for saliva contamination. J Pathol 254,
239-243 (2021).

80. B. Briigger, B. Glass, P. Haberkant, 1. Leibrecht, F. T. Wieland, H. G. Krausslich, The HIV
lipidome: a raft with an unusual composition. Proc Natl Acad Sci U S A 103, 2641-2646 (2006).

81. M. Lorizate, T. Sachsenheimer, B. Glass, A. Habermann, M. J. Gerl, H.-G. Kriusslich, B.
Briigger, Comparative lipidomics analysis of HIV-1 particles and their producer cell membrane in
different cell lines. Cellular Microbiology 15, 292-304 (2013).

82. F. Miicksch, M. Citir, C. Liichtenborg, B. Glass, A. Traynor-Kaplan, C. Schultz, B. Briigger, H.-
G. Kréusslich, Quantification of phosphoinositides reveals strong enrichment of PIP2 in HIV-1
compared to producer cell membranes. Scientific Reports 9, 17661 (2019).

83. M. J. Gerl, J. L. Sampaio, S. Urban, L. Kalvodova, J.-M. Verbavatz, B. Binnington, D.
Lindemann, C. A. Lingwood, A. Shevchenko, C. Schroeder, K. Simons, Quantitative analysis of
the lipidomes of the influenza virus envelope and MDCK cell apical membrane. Journal of Cell
Biology 196, 213-221 (2012).

84. P. T. Ivanova, D. S. Myers, S. B. Milne, J. L. McClaren, P. G. Thomas, H. A. Brown, Lipid
Composition of the Viral Envelope of Three Strains of Influenza Virus—Not All Viruses Are
Created Equal. ACS Infectious Diseases 1, 435-442 (2015).

85. R. C. Aloia, H. Tian, F. C. Jensen, Lipid composition and fluidity of the human
immunodeficiency virus envelope and host cell plasma membranes. Proc Nat! Acad Sci U S 4 90,
5181-5185 (1993).

86. H. A. Blough, D. E. M. Lawson, The lipids of paramyxoviruses: A comparative study of Sendai
and Newcastle disease viruses. Virology 36, 286—292 (1968).

87. E. J. Patzer, N. F. Moore, Y. Barenholz, J. M. Shaw, R. R. Wagner, Lipid organization of the
membrane of vesicular stomatitis virus. J Biol Chem 253, 45444550 (1978).

88. S. Ghosh, T. A. Dellibovi-Ragheb, A. Kerviel, E. Pak, Q. Qiu, M. Fisher, P. M. Takvorian, C.
Bleck, V. W. Hsu, A. R. Fehr, S. Perlman, S. R. Achar, M. R. Straus, G. R. Whittaker, C. A. M. de
Haan, J. Kehrl, G. Altan-Bonnet, N. Altan-Bonnet, f-Coronaviruses Use Lysosomes for Egress
Instead of the Biosynthetic Secretory Pathway. Cell 183, 1520—-1535.e1514 (2020).


https://doi.org/10.1101/2025.11.03.686211
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.03.686211; this version posted January 4, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

89. B. E. Zuchelkowski, M. Nouraie, A. Naqgvi, S. Qin, Y. Zhang, C. S. D. Cruz, L. Zhang, B. J.
Mcverry, A. Morris, M. Neal, J. Seheult, G. Kitsios, J. W. Mellors, P. Kim, J. L. Jacobs, W. Bain,
"SARS-CoV-2 Viremia Associates With Thrombosis and Mortality in the ACTIV-4a Trial" in
C18. TRANSLATING SCIENCE IN RESPIRATORY INFECTIONS. 10.1164/ajrccm-
conference.2024.209.1 MeetingAbstracts.A5011, pp. AS011-A5011.

90. S. N. S. Morris, J. A. Olzmann, A Tense Situation: Maintaining ER Homeostasis during Lipid
Droplet Budding. Developmental Cell 50, 1-2 (2019).

91. A. Chorlay, L. Monticelli, J. Verissimo Ferreira, K. Ben M’barek, D. Ajjaji, S. Wang, E. Johnson,
R. Beck, M. Omrane, M. Beller, P. Carvalho, A. Rachid Thiam, Membrane Asymmetry Imposes
Directionality on Lipid Droplet Emergence from the ER. Developmental Cell 50, 25-42.e27
(2019).

92. G. Bidault, S. Virtue, K. Petkevicius, H. E. Jolin, A. Dugourd, A.-C. Guénantin, J. Leggat, B.
Mahler-Araujo, B. Y. H. Lam, M. K. Ma, M. Dale, S. Carobbio, A. Kaser, P. G. Fallon, J. Saez-
Rodriguez, A. N. J. McKenzie, A. Vidal-Puig, SREBP1-induced fatty acid synthesis depletes
macrophages antioxidant defences to promote their alternative activation. Nature Metabolism 3,
1150-1162 (2021).

93. S. M. Black, M. E. Schott, B. H. Batdorf, B. A. Benson, M. S. Rutherford, B. K. Levay-Young, A.
P. Dalmasso, IL-4 induces protection of vascular endothelial cells against killing by complement
and melittin through lipid biosynthesis. European Journal of Immunology 40, 803—812 (2010).

94. P. Ghorbani, S. Y. Kim, T. K. T. Smith, L. Minarrieta, V. Robert-Gostlin, M. K. Kilgour, M.
Ilijevska, 1. Alecu, S. A. Snider, K. D. Margison, J. R. C. Nunes, D. Woo, C. Pember, C.
O’Dwyer, J. Ouellette, P. Kotchetkov, J. St-Pierre, S. A. L. Bennett, B. Lacoste, A. Blais, M. G.
Nair, M. D. Fullerton, Choline metabolism underpins macrophage 1L-4 polarization and RELMa
up-regulation in helminth infection. PLOS Pathogens 19, €1011658 (2023).

95. S. Wallner, M. Grandl, T. Konovalova, A. Sigriiner, T. Kopf, M. Peer, E. Orsd, G. Liebisch, G.
Schmitz, Monocyte to macrophage differentiation goes along with modulation of the plasmalogen
pattern through transcriptional regulation. PLoS One 9, €94102 (2014).

96. J. Ecker, G. Liebisch, M. Englmaier, M. Grandl, H. Robenek, G. Schmitz, Induction of fatty acid
synthesis is a key requirement for phagocytic differentiation of human monocytes. Proceedings of
the National Academy of Sciences 107, 7817-7822 (2010).

97. R. J. Homer, T. Zheng, G. Chupp, S. He, Z. Zhu, Q. Chen, B. Ma, R. D. Hite, L. I. Gobran, S. A.
Rooney, J. A. Elias, Pulmonary type II cell hypertrophy and pulmonary lipoproteinosis are
features of chronic I1L-13 exposure. American Journal of Physiology-Lung Cellular and
Molecular Physiology 283, 1L.52-1.59 (2002).

98. E. Berdysheyv, E. Goleva, 1. Bronova, N. Dyjack, C. Rios, J. Jung, P. Taylor, M. Jeong, C. F. Hall,
B. N. Richers, K. A. Norquest, T. Zheng, M. A. Seibold, D. Y. M. Leung, Lipid abnormalities in
atopic skin are driven by type 2 cytokines. JCI Insight 3 (2018).

99. H. Guillou, D. Zadravec, P. G. Martin, A. Jacobsson, The key roles of elongases and desaturases
in mammalian fatty acid metabolism: Insights from transgenic mice. Prog Lipid Res 49, 186—199
(2010).

100.  D. Hishikawa, W. J. Valentine, Y. lizuka-Hishikawa, H. Shindou, T. Shimizu, Metabolism and
functions of docosahexaenoic acid-containing membrane glycerophospholipids. FEBS Letters
591, 27302744 (2017).

101.  J. C. Holthuis, A. K. Menon, Lipid landscapes and pipelines in membrane homeostasis. Nature
510, 48-57 (2014).

102.  N. V. Eldho, S. E. Feller, S. Tristram-Nagle, 1. V. Polozov, K. Gawrisch, Polyunsaturated
docosahexaenoic vs docosapentaenoic acid differences in lipid matrix properties from the loss of
one double bond. Journal of the American Chemical Society 125, 6409-6421 (2003).

103. M. Pinot, S. Vanni, S. Pagnotta, S. Lacas-Gervais, L.-A. Payet, T. Ferreira, R. Gautier, B. Goud,
B. Antonny, H. Barelli, Polyunsaturated phospholipids facilitate membrane deformation and
fission by endocytic proteins. Science 345, 693—697 (2014).


https://doi.org/10.1101/2025.11.03.686211
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.03.686211; this version posted January 4, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

104.  S. Paula, A. Volkov, A. Van Hoek, T. Haines, D. W. Deamer, Permeation of protons, potassium
ions, and small polar molecules through phospholipid bilayers as a function of membrane
thickness. Biophysical journal 70, 339-348 (1996).

105.  E. Murigneux, L. Softic, C. Aubé, C. Grandi, D. Judith, J. Bruce, M. Le Gall, F. Guillonneau, A.
Schmitt, V. Parissi, C. Berlioz-Torrent, L. Meertens, M. M. K. Hansen, S. Gallois-Montbrun,
Proteomic analysis of SARS-CoV-2 particles unveils a key role of G3BP proteins in viral
assembly. Nature Communications 15, 640 (2024).

106. Y. Imai, K. Kuba, G. G. Neely, R. Yaghubian-Malhami, T. Perkmann, G. van Loo, M. Ermolaeva,
R. Veldhuizen, Y. H. Leung, H. Wang, H. Liu, Y. Sun, M. Pasparakis, M. Kopf, C. Mech, S.
Bavari, J. S. Peiris, A. S. Slutsky, S. Akira, M. Hultqvist, R. Holmdahl, J. Nicholls, C. Jiang, C. J.
Binder, J. M. Penninger, Identification of oxidative stress and Toll-like receptor 4 signaling as a
key pathway of acute lung injury. Cell 133, 235-249 (2008).

107.  B.J. Van Lenten, A. C. Wagner, M. Navab, G. M. Anantharamaiah, E. K. Hui, D. P. Nayak, A. M.
Fogelman, D-4F, an apolipoprotein A-I mimetic peptide, inhibits the inflammatory response
induced by influenza A infection of human type II pneumocytes. Circulation 110, 3252-3258
(2004).

108.  Y.-H. Lee, C.-L. Lai, S.-H. Hsieh, C.-C. Shieh, L.-M. Huang, B. A. Wu-Hsieh, Influenza A virus
induction of oxidative stress and MMP-9 is associated with severe lung pathology in a mouse
model. Virus Research 178, 411-422 (2013).

109.  S. Ghosh, D. Gregory, A. Smith, L. Kobzik, MARCO Regulates Early Inflammatory Responses
against Influenza. American Journal of Respiratory Cell and Molecular Biology 45, 1036—-1044
(2011).

110. V. B. O'Donnell, M. Aldrovandi, R. C. Murphy, G. Kronke, Enzymatically oxidized
phospholipids assume center stage as essential regulators of innate immunity and cell death. Sci
Signal 12 (2019).

111.  D. A. Slatter, C. L. Percy, K. Allen-Redpath, J. M. Gajsiewicz, N. J. Brooks, A. Clayton, V. J.
Tyrrell, M. Rosas, S. N. Lauder, A. Watson, M. Dul, Y. Garcia-Diaz, M. Aldrovandi, M. Heurich,
J. Hall, J. H. Morrissey, S. Lacroix-Desmazes, S. Delignat, P. V. Jenkins, P. W. Collins, V. B.
O'Donnell, Enzymatically oxidized phospholipids restore thrombin generation in coagulation
factor deficiencies. JCI Insight 3 (2018).

112. S. Uderhardt, J. A. Ackermann, T. Fillep, V. J. Hammond, J. Willeit, P. Santer, M. Mayr, M.
Biburger, M. Miller, K. R. Zellner, K. Stark, A. Zarbock, J. Rossaint, I. Schubert, D. Mielenz, B.
Dietel, D. Raaz-Schrauder, C. Ay, T. Gremmel, J. Thaler, C. Heim, M. Herrmann, P. W. Collins,
G. Schabbauer, N. Mackman, D. Voehringer, J. L. Nadler, J. J. Lee, S. Massberg, M. Rauh, S.
Kiechl, G. Schett, V. B. O'Donnell, G. Kronke, Enzymatic lipid oxidation by eosinophils
propagates coagulation, hemostasis, and thrombotic disease. J Exp Med 214, 2121-2138 (2017).

113.  U. H. S. Agency (2025) Priority pathogen families research and development tool.

114.  W. H. Organisation (2025) Prioritizing diseases for research and development in emergency
contexts.

115.  S.J. Rihn, A. Merits, S. Bakshi, M. L. Turnbull, A. Wickenhagen, A. J. Alexander, C. Baillie, B.
Brennan, F. Brown, K. Brunker, A plasmid DNA-launched SARS-CoV-2 reverse genetics system
and coronavirus toolkit for COVID-19 research. PLoS biology 19, €3001091 (2021).

116.  P. Oberacker, P. Stepper, D. M. Bond, S. Hohn, J. Focken, V. Meyer, L. Schelle, V. J. Sugrue, G.-
J. Jeunen, T. Moser, S. R. Hore, F. von Meyenn, K. Hipp, T. A. Hore, T. P. Jurkowski, Bio-On-
Magnetic-Beads (BOMB): Open platform for high-throughput nucleic acid extraction and
manipulation. PLOS Biology 17, 3000107 (2019).


https://doi.org/10.1101/2025.11.03.686211
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.03.686211; this version posted January 4, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

ACKNOWLEDGEMENTS:
We gratefully acknowledge assistance from Linda Chan (Morriston Hospital) and Ameerah Azmil
(Royal Glamorgan Hospital) and Bethan Gibson (Cwm Taf Morgannwg) for sample collection.

FUNDING:

We acknowledge funding from BBSRC/UKRI, BB/W003376/1 (VOD, DWT, RS, SAJ, PG).
Deutsche Forschungsgemeinschaft RTG 2336, TP 06 and 12 (BB). EHS was funded by the Welsh
Government under the Welsh National Wastewater Monitoring Programme (C035/2021/2022)".

AUTHOR CONTRIBUTIONS:

Conceptualization: VOD, RS, SAJ, PG, BB, DWT, Methodologies: VJT. Reagents: GL, LR,
CAB, JH, Investigation: VJT, GL, AZ, MYE, GV, FM, RGS, MBP, EHS, BB, YB, JK, DB, RG,
Funding acquisition: VOD, DT, RGS, PG, SAJ, Project administration: VOD, WP, Supervision:
VOD, DWT, RS, BB, Writing — original draft: VOD, BB, Writing — review & editing: VIT, AZ,
WP, MYE, VG, FM, MBP, EHS, SAJ, GL, BB, RGS, DB, JK, YB, DWT, RJS, VOD.

COMPETING INTERESTS:
No competing interests

DATA AND MATERIALS AVAILABILITY:
All data are available in the main text or the supplementary materials file.

FIGURE LEGENDS

Figure 1. Lipidomics of four SARS-CoV-2 pandemic strain viruses reveals them to be
relatively conserved with high externalization of PE and PS on the outer surface. Panel A.
Relative abundance of total lipid categories for four SARS-CoV-2 pandemic strains is similar. Lab
grown virus from AAT cells was isolated using density gradient centrifugation, lipids extracted
and then analyzed using targeted LC/MS/MS as outlined in Methods. Each isolate was from a
different culture obtained at least one week apart. Alpha, Beta, Delta (n=3 isolates mean +/- SEM),
England2 (n=2 isolates, mean +/- SD). Relative abundance was calculated from ng values of all
lipid species totaled, converted to molar amount, then related to a mean mass value for each
category, and shown as a pie chart. Panel B. Cholesterol:phospholipid ratio across the pandemic
strains. The ratio was calculated using molar amounts of cholesterol or total of all PL categories.
Panel C. The total PE or PS facing the outside of the viral envelope is extremely high, especially
for alpha and beta strains. External and total PE and PS was determined using LC/MS/MS as
outlined in Methods for the four pandemic strains (n=3 isolates mean +/- SEM), one way ANOVA
with Tukey Post Hoc test.

Figure 2. IL-4 pretreatment of host AAT cells leads to increased shedding of particles with
significantly altered FA, in particular reduced PUFA and saturated FA containing PE, but
increased PE with 18:2/18:3. Panel A. Total virus lipid recovered is significantly increased from
IL-4 treated host cells. AAT cells were pretreated with IL-4 for 5 days as outlined in Methods,
before infection with SARS-CoV-2 England2 strain. Virus was harvested using density gradient
centrifugation and lipids extracted and quantified using LC/MS/MS as outlined in methods.
Heatmap shows log10 ng values as total for each PL category, for 3 independent virus isolates.
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Panel B. Lipid composition of the particles is not particularly changed by IL-4 treatment. Data
from Panel A was instead expressed as relative molar proportions within samples, by normalizing
to an average mass value per category and shown in a pie chart (n=3 isolates mean +/- SEM).
Panels C,D. IL-4 treatment leads to significant remodeling of FA across PE species. Amounts of
individual PE or PC species detected were averaged and compared for an impact of IL-4 treatment,
and are shown as log2foldchange. A decrease means reduction in the species by IL-4, (n=3 isolates,
mean +/- SEM), unpaired Student t-test, * P<0.05, ** P<0.01, ***P<0.005.

Figure 3. IL-6 or dexamethasone treatment of host cells has no impact on SARS-CoV-2
membrane composition, while the virus is sensitive to sSPLA; hydrolysis by several isoforms.
Panels A,B. AAT cells express gp130 but not IL-6Ra. AAT cells were harvested and stained with
anti-human gp130, anti-human IL-6Ra or respective isotype controls, as outlined in methods
before secondary detection using Alexa 488 using flow cytometry. Panel C. IL-6 signaling had no
impact on particles recovered from AAT cells. Virus was harvested and particles counted as
outlined in Methods (n=3 isolates, mean +/- SEM). Panel D. IL-6 signaling has no impact on lipid
composition. Lipids were extracted from virus from IL-6 or IL-6/sIL-6Ra-treated AAT cells then
analyzed using LC/MS/MS as outlined in methods. Lipid amounts are expressed as logl0 of
relative molar%, by normalizing to an average mass value per category and shown in a heatmap.
Panel E. IL-6 signaling doesn't impact cholesterol:PL ratio of virus envelopes. The ratio was
calculated using molar amounts of cholesterol or total of all PL categories. Panel F.
Dexamethasone treatment of AAT cells either pre- or during (post-) infection has no impact on
lipid composition. Lipids were extracted from virus from AAT cells treated with dexamethasone,
then analyzed using LC/MS/MS as outlined in methods. Lipid amounts are expressed as logl10 of
relative molar%, by normalizing to an average mass value per category and shown in a heatmap.
Panel G. Several sPLA: isoforms efficiently hydrolyze SARS-CoV-2 PL. Virus was incubated with
sPLA; isoforms as indicated in Methods, then lipids extracted and analyzed using LC/MS/MS.
The relative amounts of each molecular species remaining was determined, and totaled per lipid
category, then normalized to untreated control virus PL levels (n=3 isolates, mean +/- SEM).

Figure 4. The lipid composition of clinical virus shows SARS-CoV-2 is conserved between
individual donors but has a higher cholesterol content than lab grown strains. Virus was
recovered from 26 donor saliva isolates using ACE2-coupled magnetic beads as outlined in
Methods, then lipids extracted and analyzed using LC/MS/MS. Panel A. Amounts of lipids
recovered from saliva show some variability between individuals. Lipid amounts (ng/sample) were
summed to give total per category (n =26 donor isolates). Panel B. Lipid composition of recovered
particles shows enrichment with TGs in clinical isolates, as compared with Alpha strain. Lipid
amounts (ng/sample) were converted to molar, totaled and expressed as a % total lipid using an
average mass value per category (n=26 or 3, for clinical isolates and lab grown Alpha strain
respectively), shown in a pie chart. Panel C. Correlation analysis suggests that TGs are not
originating from virus particles. Pearson correlation was performed on total lipid molar% values
for each isolate (n=26). Panel D. Lipid composition of recovered particles shows higher levels of
cholesterol in clinical isolates, as compared with Alpha strain. Lipid amounts (ng/sample),
omitting TG, were converted to molar, totaled and expressed as a % total lipid using an average
mass value per category (n=26 or 3, for clinical isolates and lab grown Alpha strain respectively),
shown in pie charts.
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Figure 5. Clinical virus and Alpha strain have altered PUFA profiles in PL, while containing
significant amounts of eoxPL from LOX activity. Panel A. Altered PUFA profiles in
plasmalogen/ether-PE ~ comparing clinical and lab grown SARS-CoV-2. Individual
ether/plasmalogen-PE species detected were averaged and compared for an impact of IL-4, and
are shown as log2foldchange. A decrease reflects reduction in the species in clinical isolates (n=26,
clinical isolates, n=3 Alpha, mean +/- SEM), unpaired Student t-test, * P<0.05, ** P<0.01,
*#%P<0.005). Panel B. Oxidized phospholipids are detected in clinical isolates of SARS-CoV-2.
OxPL were quantified in lipid extracts from clinical isolates using LC/MS/MS as outlined in
methods, with detected levels in 15 shown (mean +/- SEM). Panel C. Data from Panel B replotted
as individual molecular species detected in clinical isolates. Each colored bar represents an
individual donor. Panel D. Representative chromatograms showing elution of a series of HETE-
PEs on reverse phase LC-MS/MS using primary and secondary MRMs. Large panel shows a
multiple reaction monitoring (MRM) transition corresponding to PE 16:0p HETE (blue) which
doesn’t distinguish positional isomers. Internal daughter ion-based MRMs are shown for 15-,11-
,12-,8- and 5-HETE-PE species, showing co-elution with the precursor-319 MRM transition in the
expected order. Smaller panels show three individual HETE-PE chromatograms. Panel E. Chiral
analysis shows that 15- and 5-HETEs are predominantly S enantiomers, while 8- and 12- are
mixed. Lipid extracts from a SARS-CoV-2 isolate were hydrolyzed and analyzed using chiral
LC/MS/MS for S/R ratios of HETEs, as outlined in Methods.

Figure 6. Clinical virus contains several oxylipins primarily LOX products using reverse
phase and chiral LC/MS/MS. Panel A. HETE positional isomers show a dominance of 12- and
15-HETEs. Lipids were analyzed for oxylipins in extracts of clinical virus using LC/MS/MS as
outlined in Methods (n=6, mean +/- SEM). Panel B. Chiral analysis indicates enzymatic origin of
free HETEs. Chiral analysis of lipid extracts from clinical samples was carried out as indicted in
methods (n=4 isolates). Panel C. HODE positional isomers show a dominance of 13-HODE.
Lipids were analyzed for oxylipins in extracts of clinical virus using LC/MS/MS as outlined in
Methods (n=6, mean +/- SEM). Panel D. Chiral analysis indicates enzymatic origin of free
HODEs. Chiral analysis of lipid extracts from clinical samples was carried out as indicted in
methods (n=4 isolates). Panels E-I. Oxylipin analysis shows further dominance of 12-LOX
products, 12-HEPE, 14-HDOHE, along with other lipids. Lipids were analyzed for oxylipins in
extracts of clinical virus using LC/MS/MS as outlined in Methods (n=6, mean +/- SEM).

Figure 7. ALOX15B is required for coronavirus replication in macrophages. Panel A. Gene
expression of Middle East respiratory syndrome (MERS)-(coronavirus)-CoV nucleocapsid 2 (N2)-
gene and locus upstream from envelope (upE)-gene at 24 hours post-infection (hpi) Panel B. Gene
expression of human CoV (HCoV)-229E membrane (M)-gene in control and ALOX15B KD
macrophages at 24 hours post-infection (hpi). Panel C. Relative expression of MERS-CoV upE-
gene or N2-gene in ALOX15B KD macrophages at 2, 4, 8, 24, and 48 hpi compared to control
cells. Panel D. Gene expression of MERS-CoV upE-gene or N2-gene in control and ALOX15B
KD macrophages at 2, 4, 8, 24, and 48 hpi after normalizing to viral load at 2 hpi (mean + SEM
from at least four independent experiments, two-tailed student’s t-test for MERS treatment in A
and B, one-way ANOVA with Tukey’s post hoc test for Panel C, and two-way ANOVA with Sidak’s
multiple comparisons test for D (*P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 vs
siControl).
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SUPPLEMENTARY MATERIALS, METHODS AND DATA

SUPPLEMENTARY MATERIALS AND METHODS

Cell culture and harvest of in vitro generated virus particles

70% confluent AAT cells were infected for 1h with SARS-CoV-2 at MOI=0.05 for the England2
or MOI=0.01 for the VOCs (Alpha, Beta, Delta). Flasks were rocked for 1 hour, and then the
inoculum was removed and replaced with fresh DMEM/2% FBS. For virion purification,
supernatants were harvested, cellular debris pelleted (2,000 g, 5 min), then virus pelleted through
a 5 ml of 30 % sucrose cushion (25,000 rpm, 2.5 h, 4 °C, in a SW28 rotor (112,398 x g)). Pellets
were resuspended in 1 ml PBS and purified by density gradient centrifugation on a 20 — 60 %
sucrose or a 15 — 40% OptiPrep (Iodixanol, Sigma DI556) gradient (25,000 rpm, 16 h, 4 °C, in a
SW41 rotor (106,882 x g)), before being pelleted (25,000 rpm, 2.5 h, 4 °C, in a SW41 rotor
(106,882 x g)), and resuspended in 0.5 ml of PBS for subsequent lipid extraction as outlined below.
Preparations were analyzed for purity and abundance by nanoparticle tracking analysis using the
NanoSight-NS300® (Malvern Panalytical), and by Western blot. For PE and PS externalization,
samples were used immediately as fresh. For lipidomic profiling they were used immediately or
stored for a few days at -80°C as snap frozen pellets. Samples were processed together, with n=3
biological replicates per variant. During integration of peaks, it was noted that one isolate of
England2 had lower levels of lipids overall reflecting less recovery of virus. This unfortunately
led to a higher number of lipids being below LOD/LOQ for some lipid categories (TG, LPE, PE,
PE-O, PS) and these have been omitted from analysis. No other lipid categories or samples were
affected with n = 3 measures generated for the majority of species in this comparison.

Before testing the impact of IL-6 stimulation on viral envelope, the expression of gp130 and IL-
6Ra were assessed on AAT cells as follows: Uninfected cells were harvested using TrypLE
Express (Gibco, Thermo Fisher Scientific), washed in cold PBS and stained with LIVE/DEAD
Fixable Aqua (Thermo Fisher Scientific), PE anti-human CD130/gp130 (clone 2E1B02, cat no.
362003, BioLegend), PE anti-human CD126/IL-6Ra (clone UV4, cat no. 352803, BioLegend), PE
Mouse IgG1, « isotype (clone MOPC-21, cat no. 400112, BioLegend), or PE Mouse IgG2a, k
Isotype (clone MOPC-173, cat no. 400212, BioLegend), followed by a secondary Alexa Fluor 488
goat anti-mouse IgG (cat. no. A-11029, Thermo Fisher Scientific; 1:500). All the above were done
as single stains for the cell markers along with the Live/Dead staining. After staining, cells were
fixed with 4 % PFA for 30min at 4 °C and washed with PBS before analysis. Data were acquired
using an Attune NxT Flow Cytometer (Thermo Fisher Scientific) and analyzed with Attune NxT
software or FlowJo software, version 10 (Tree Star). Particles were counted using NanoSight.

To test the impact of IL-6 on viral envelope composition, ‘England2’ strain was generated from
AAT stimulated with 1) IL-6 (30 ng/ml, BioTechne, 206-IL-010) alone or ii) IL-6 (30 ng/ml) and
sIL-6Ra (200 ng/ml, BioTechne, 227-SR-025) together, added to cells 1 hr after virus infection
(MOI 0.05) in 2% FCS. Virus was harvested after 72 hrs. To test the impact of [L-4, AAT cells
were cultured in the presence of 10 ng/ml IL-4 (rhIL-4, BIO-TECHNE) for 5 days (with 10%
human AB serum, Cambridge Biosciences) prior to infection with ‘England2’ strain virus at MOI
0.05, at 2% FCS. Cells were then cultured for 72 hrs before virus was harvested.

For dexamethasone (Dex) treatment, two separate protocols were used: pre- and post-infection.
For pre-infection treatment, AAT cells were first cultured for 3 days in DMEM containing FBS
which had been charcoal-absorbed to remove glucocorticoids. Then they were cultured with or
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without 100 nM Dex (Merck Life Science) at low FCS (2%, charcoal stripped) for 24 hrs. Next,
AAT were infected with SARS-CoV-2 England2 at MOI 0.05, in 2% FCS, and cultured for 48h
before virus was isolated as detailed below. For post-infection, AAT cells were first cultured for 3
days in DMEM containing FBS which had been charcoal-absorbed to remove glucocorticoids.
Then, 100 nm Dex was added 1 hr after inoculation of virus and then again once each day during
culture prior to virus harvest.

Incubation of virus with sPLA; isoforms

Eight sPLA> were tested for their hydrolytic activity towards SARS-CoV2 envelopes, as listed in
Supplementary Table 1), including both recombinant human and purified venom isoforms. Virus
(England2) isolated from AAT supernatants using density gradient centrifugation as described
above was resuspended in 100 mM NaCl, 20 mM Tris-HCI, 2 mM CaCl2, 0.05% BSA (pH 7.4).
Virus was incubated in 10 nM sPLA2 for 6 hr at 37 °C. 20 mM CaCl, was added, the samples snap
frozen to -80 prior to addition of internal standards, and lipid extraction and analysis performed as
described below.

Collection of clinical samples.

Following Research Ethics Committee approval (REC 21/PR/1189, IRAS 299479) and informed
consent, saliva samples were obtained from 225 individuals (1 per donor), within 5 days of a
positive test for COVID19 (via PCR, lateral flow or licensed point of care testing; according to
UKHSA recommendations). Samples were collected working with Infection Services for Public
Health Wales and University Health Boards across Wales (Aneurin Bevan, Betsi Cadwaladr,
Cardiff and Vale, and Cwm Taf Morgannwg) in accordance with the Declaration of Helsinki.
Inclusion criteria included: Age 18-75 yrs, ability to provide consent, not having used topical
antimicrobial oral therapies in the preceding 12 hours. Exclusion criteria included: known
pregnancy or breastfeeding, requirement for ventilation and ingestion of food in the 1 hour prior
to donating saliva. Unstimulated saliva (<3-5 ml) was collected into sterile 30 mL universal tubes,
which were then, immersed in 70 % (v/v) alcohol, enclosed in 2 sterile ziplock bags ("double-
bagged"), treated with alcohol and transported to HTA designated -80 °C freezers in rigid HPA-
approved containment. Following transfer to the analytical laboratory, samples were stored at -80
°C until lipidomic analysis was performed as outlined below.

Isolation of SARS-CoV-2 from clinical samples

Prior to further analysis, samples were tested for SARS-CoV-2 positivity using RTqPCR as
described below. Following this, an optimization experiment was undertaken on 10 positive
samples using human ACE2-coupled magnetic beads (Acro Biosystems) to purify virus as follows:
beads were washed to remove trehalose then reconstituted in PBS, as per manufacturer’s
instructions. 5 ml beads were added to 20 ml pooled saliva which was placed on a rotator at 37 °C
for 1 hr before being placed on a 3D printed magnetic separator for 2 min. Beads with bound
virions (DB1) were recovered separately to the remaining supernatant. Supernatant was then added
to another Sml beads. As above, this was placed on a rotator at 37 °C for 1 hr before being placed
on the magnetic separator rack for 2 min. Beads with virions were again recovered (DB2). DB1
and DB2 were stored at -80°C before being tested for infectivity using plaque assay as described
later. Next, for lipidomics of SARS-CoV-2, 26 RTqPCR positive isolates were selected, with
volumes ranging from 0.2-14 ml (Supplementary Table 2). To each, washed ACE2-beads were
added at ratio of 1:5 (beads:sample). Magnetic separation was then carried out as described for the
optimization experiment above. Samples were stored at at -80 °C prior to lipidomics. Recovered
virus from DB1 and DB2 were separately extracted and analyzed using LC/MS/MS, then the two
datasets from each individual were pooled to provide a single lipidomics dataset per patient.
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Lipid extraction for lipidomics profiling

Isolated virus particles were resuspended in 0.5 ml of PBS, which was then spiked with 10 pl
EquiSplash mix (Avanti Polar Lipids), containing d18:1-18:1(d9) SM (100 ng), 15:0-18:1(d7)
phosphatidylcholine (PC) (100 ng), 15:0-18:1(d7)PE (100 ng), 15:0-18:1(d7)
phosphatidylglycerol (PG) (100 ng), 15:0-18:1(d7) phosphatidylinositol (PI) (100 ng), 18:1(d7)
Lyso PC (100 ng), 18:1(d7) Lyso PE (1000 ng), cholesterol-d7 (100 ng), cholesteryl ester (CE)
18:1-d7 (100 pg), triglyceride (TG) 15:0/18:1-d7/15:0 (100 ng), 15:0-18:1(d7) PS (100 ng), and
100 ng of 17:1 Lyso PG, PS and PI. Samples were also spiked with 5 ul of Cer/sphingoid internal
standard mixII (Avanti Polar Lipids) containing 56.99 ng of d18:1/12:0 Cer. Samples were then
extracted using an acidified Bligh and Dyer method. Briefly, 1.9 ml of solvent mixture, 2:1
methanol:chloroform v:v, was added to 0.5 ml sample acidified with 10 ul glacial acetic acid.
Samples were vortexed for 30 s, and then 0.625 ml of chloroform added. Samples were vortexed
again (for 30 s), and 0.625 ml of water added. Samples were vortexed for 30 s and centrifuged at
500 g, at 4°C, for 5 min. Lipids were recovered from the lower layer and evaporated to dryness
using a Labconco RapidVap® (Labconco). Extracted lipids were reconstituted in 200 ul methanol
and stored at —80°C until analysis.

Targeted LC/MS/MS analysis of native lipids

Targeted assays were performed on culture preparations of gradient-purified SARS-CoV-2 virus,
from A549 cells, and clinical isolates. A full list of all lipids analyzed is shown in Supplementary
Table 3. with data on extraction efficiency and instrument coefficient of variation. We note that
PEs annotated as plasmalogen (vinyl ether) could also comprise isobaric ether lipids. For the
analysis of the clinical samples, PC species were monitored as [M-CH3]. For all other
experiments, PCs were monitored as acetate adducts. Standard curves were run at the same time
in all instances to account for any variation. Hydrophilic interaction liquid chromatography
(HILIC) LC-MS/MS was used for PLs and SLs on a Nexera liquid chromatography system
(Shimadzu) coupled to an API 6500 qTrap mass spectrometer (Sciex). Liquid chromatography was
performed at 35°C using a Phenomenex Luna, 3 um NH2 column, 2 x 100 mm, at a flow rate of
0.2-0.7 ml/min over 24 min. Mobile phase A was DCM/acetonitrile (7/93; v/v and 2 mM
ammonium acetate), and mobile phase B was water/acetonitrile (50/50; v/v and 2 mM ammonium
acetate). The following linear gradient for B was applied: 0.1% B—50% B over 11 min, 50-70% B
over 0.5 min, 70-100% B over 1 min, and held at 100% B for a further 2.5 min before returning
to 0.1% B. At 2 min, the flow rate changed from 0.2 to 0.7 ml/min and remained at that flow rate
until 15 min where it returned to 0.2 ml/min. Source conditions for positive mode were ionization
voltage (IS) 5.5 kV, curtain gas (CUR) 30, temperature (TEM) 550°C, source gas 1 (GS1) 50, and
source gas 2 (GS2) 60. Negative-mode source conditions were IS —4.5 kV, CUR 30 psi, TEM
550°C, GS1 50 psi, and GS2 60 psi. Dwell time was calculated in Analyst (V1.6, AB Sciex)
automatically based on the number of multiple reaction monitoring (MRMs). This is a scheduled
method with pos/neg switching throughout. PLs were quantified using an external calibration with
internal standards as listed above. Here, they were quantified from standard curves containing two
primary standards each (with the exception of Lyso PE and Lyso PG, which had one primary
standard each) (SM C12, PC 16:0-18:1, PC 18;0-22:6, PE 16:0-18:1, PE 18:0-20:4, PG 16:0-18:1,
PG 18:0-22:6, PI 16:0-18:1, PI 18:0-20:4, Lyso PC 16:0, Lyso PC 18:0, Lyso PE 16:0, and Lyso
PG 16:0, Lyso PS 16:0 and 18:0). For confirming the absence of serum contamination of lipids in
purified virus cultured from A549 cells, blank isolates (medium + 2% serum) were extracted and
then analyzed using direct injection precursor scanning MS/MS for the presence of PE (precision
196, negative ion mode), PC (precision 184, positive ion mode), and CE (precision 369, positive
ion mode), comparing with virus lipid extracts.
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LC-MS/MS for free cholesterol and CEs and LC-MS analysis of TGs was performed on a Nexera
liquid chromatography system (Shimadzu) coupled to either an API 4000 or 7500 qTrap mass
spectrometer (Sciex). Liquid chromatography was performed at 40°C using a Hypersil Gold C18
(Thermo Fisher Scientific) reversed phase column (100 x 2.1 mm, 1.9 um) at a flow rate of
0.4 ml/min over 11 min. Mobile phase A was water/solvent B (95/5; v/v and 10 mM ammonium
formate + 0.1% formic acid), and mobile phase B was acetonitrile/isopropanol (60/40; v/v and
10 mM ammonium formate + 0.1% Formic acid). The following linear gradient for B was applied:
90% for 1 min, 90-100% from 1 to 5 min and held at 100% for 3 min followed by 3 min at initial
condition for column re-equilibration. Samples were spiked with cholesterol-d7 (1 ug), CE 18:1-
d7 (100 ng), and TG 15:0/18:1-d7/15:0 (100 ng) prior to extraction. TGs were analyzed in selected
ion monitoring positive mode, covering a range from TG 32:0 up to TG 56:0 including also
unsaturated TGs. MS conditions were as follows: TEM 450°C, GS1 35 psi, GS2 50 psi, CUR 35
psi, IS 5 kV, declustering potential 60 V, and entrance potential 10 V for the 4000 QTRAP. 7500
conditions were as follows: TEM 150°C, GS1 70 psi, GS2 40 psi, CUR 44psi, IS 5.5 kV, and
entrance potential 10 V. Dwell time was 10 ms. Triacylglycerides (TAGs) were quantified using
an external calibration with TG 15:0/18:1-d7/15:0. Free cholesterol and CEs were analyzed in
MRM mode monitoring the precursor to product transitions of 12 CEs and free cholesterol, as
[M + NH4]". MS conditions for the 4000 QTrap were as follows: TEM 150°C, GS1 25 psi, GS2
50 psi, CUR 35 psi, IS 5 kV, declustering potential 70 V, entrance potential 10 V, collision energy
20V, and collision cell exit potential 25 V. 7500 conditions were as follows: TEM 150°C, GSI
70 psi, GS2 40 psi, CUR 44psi, IS 5.5 kV, and entrance potential 10 V Dwell time was 100 ms for
each transition. Cholesterol and CEs were quantified using external calibration curves against the
internal standards, with the following primary standards: cholesterol, CE 14:0, CE 16:0, CE 18:0,
CE 18:1, CE 20:4, and CE 22:6. For all targeted assays, inclusion criteria for peaks were those at
least 5:1 signal-to-noise ratio and with at least seven points across the peak.

Identification and quantitation of external facing PE and PS on the surface of SARS-CoV-2
Total and external PE and PS were derivatized and analyzed using LC/MS/MS as described
previously(711). Briefly, virus particles were suspended in 0.2 ml PBS and incubated with 20 ul
of 20 mM NHS-biotin (total PE/PS) or 86 ul of 11 mM EZ-Link Sulfo-NHS-biotin (external
PE/PS) for 10 min at room temperature before addition of 72 pl of 250 mM I-lysine. Volumes were
increased to 0.4 ml using PBS. Vials containing 1.5 ml chloroform:methanol (1:2) solvent with
10 ng of internal standards (biotinylated 1,2-dimyristoyl-PE and 1,2-dimyristoyl-PS) were used
for lipid extraction. The solvent:sample ratio was 3.75:1 as a modified Bligh/Dyer technique(/4).
Following vortexing and centrifugation (400 g, 5 min), lipids were recovered in the lower
chloroform layer, dried under vacuum, and analyzed using LC-MS/MS. Samples were separated
on an Ascentis C-18 5 pm 150 mm x 2.1 mm column (Sigma-Aldrich) with an isocratic solvent
(methanol with 0.2% w/v ammonium acetate) at a flow rate of 400 pl/min. Products were analyzed
in MRM mode on a Q-Trap 4000 instrument (Applied Biosystems, UK) by monitoring transitions
from the biotinylated precursor mass (Q1 m/z) to product ion mass (Q3 m/z) in negative ion mode.
The area under the curve for the analytes was integrated and normalized to internal standards. The
ratio of external to total PE/PS was calculated for each molecular species and expressed as a
fraction (%) externalized. MRM transitions monitored are provided in Supplementary Table 4.

LC/MS/MS analysis of oxidized phospholipids

Lipid extracts were separated using reverse-phase HPLC on a Luna 3 um C18 150 x 2 mm column
(Phenomenex, Torrance, CA) with a gradient of 50 — 100 % B over 10 min followed by 30 min at
100 % B (A: methanol:acetonitrile:water, 60:20:20 with 1 mM ammonium acetate + 0.1% glacial
acetic acid, B: methanol, ] mM ammonium acetate + 0.1% glacial acetic acid) with a flow rate of
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200 ul min!. Lipids were analyzed in MRM mode on a 7500 Q-Trap (Sciex, Cheshire, United
Kingdom), monitoring transitions from the precursor to product ion (dwell 20 ms) with TEM 550
°C, GS1 60, GS2 70, CUR 40, IS — 3500 V, EP — 10 V, CE — 44 V and CXP at — 19 V. The peak
area was integrated and normalized to the internal standard. For quantification of HETE-PEs,
standard curves were generated with PE 18:0a/5-HETE, PE 18:0a/8-HETE, PE 18:0a/11-HETE,
PE 18:0a/12-HETE and PE 18:0a/15-HETE synthesized as described previously(7/2). Information
on MRM transitions and m/z values are presented in Supplementary Table 5. HETE-PEs were
quantified using standard curves with DMPE used as internal standard, with LOQ at signal:noise
5:1. Due to the limited standards available, identifications for some lipids are putative, based on
the presence of characteristic precursor and product ions, and retention times.

Oxylipin method

Samples were spiked with 2.1-2.9 ng of 5-HETE-d8, 12-HETE-d8, 15-HETE-d8, 13-HODE-d4,
20-HETE-d6, TXB2-d4, PGE2-d4 and LTB4-d4 standards (Cayman Chemical). Lipids were
separated by liquid chromatography (LC) using a gradient of 30-100% B over 20 minutes (A:
Water:Mob B 95:5 + 0.1% Acetic Acid, B: Acetonitrile: Methanol — 80:15 + 0.1% Acetic Acid) on
an Eclipse Plus C18 Column (Agilent), and analyzed on a Sciex QTRAP® 7500 LC-MS/MS
system. Source conditions: TEM 475°C, IS -2500, GS1 40, GS2 60, CUR 40. Lipids were detected
using MRM monitoring with all parameters listed in Supplementary Table 6. Chromatographic
peaks were integrated using Sciex OS 3.3.0 software (Sciex). Peaks were only selected when their
intensity exceeded a 5:1 signal to noise ratio with at least 7 data points across the peak. The ratio
of analyte peak areas to internal standard was taken and lipids quantified using a standard curve
which was run at the same time as the samples. Supplementary Table 6.

Chiral analysis of oxylipins

Lipid extracts (50 pl) were hydrolyzed to release free oxylipins from PL, as follows: following
evaporation under N2, 1.5 ml isopropanol was added, the sample vortexed, then 1.5 ml 0.2 M
NaOH (or water for controls) added before incubation at 60 °C for 30 min. Samples were acidified
to pH 3.0 with 140 ml conc HCI (or water added to controls), 5 pl oxylipin internal standard mix
added, and then oxylipins were extracted twice using 3 ml of hexane with 10 pl glacial acetic acid
added to controls to aid extraction efficiency. The combined hexane layers were dried under N»
flow, resuspended in 100 pl of methanol, and stored under argon at 80 °C until analysis by
LC/MS/MS as below. Lipids were separated using a Chiralpak IA-U column (50%3.0 mm, Diacel)
in reverse phase mode, with flow rate 300 pl/min, at 40 °C, according to(7/3), on a 6500 Q-Trap
(Sciex, Cheshire, United Kingdom). Mobile phase A was water:0.1 % acetic acid, and B was
acetonitrile:0.1% acetic acid, and the gradient was 10 % B raised to 100 % B over 20 min followed
by a 2 min hold then decrease to starting conditions over 2 min. MRM transitions and instrument
parameters were as used for oxylipin reverse phase analysis. Control samples were first used to
determine S/R ratios of free oxylipins, with their levels subtracted from those detected post-
hydrolysis to specifically calculate the esterified pools.

RNA extraction

Nucleic acids were extracted from saliva using a protocol adapted from the automated Bio-On-
Magnetic-Beads (BOMB) COVID-19 protocol(7//0). A combination of manual pipetting and
automation was used, with all automated steps done on a GEN2 OT-2 pipetting robot (Opentrons).
100 ul of saliva sample was manually added to a 96 deep-well-plate (Applied Biosystems), and
240 pl of magnetic bead solution added (Magnacell Ltd) with 270 pl guanidine isothiocyanate
(GITC) based lysis buffer(710). To aid adsorption of nucleic acids onto the magnetic beads, the 96
deep-well-plate was placed onto an IKA MS 3 orbital shaker (Fisher Scientific) for 10 min at 2,000


https://doi.org/10.1101/2025.11.03.686211
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.03.686211; this version posted January 4, 2026. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.
rpm. The plate was centrifuged for 1 min at 3,000 rpm (Eppendorf 5920R centrifuge) and then
placed on the Opentrons magnetic rack for 10 minutes to allow the beads to form pellets on the
side of the wells. Using the Opentrons, the magnetic beads were then washed three times with 200
ul 80 % (v/v) ethanol, with nucleic acids adsorbed onto the magnetic bead surface eluted in 50 pl
of RNAse-free water (Severn Biotech Ltd). To avoid transfer of any magnetic beads, the magnetic
rack was used to separate the beads from the nucleic acid solution, with the nucleic acid solution
subsequently transferred to a 96 well plates for downstream analysis or stored at -80°C for future
use.

Plaque assay.

Cells were seeded in 12-well plates at approximately 1 x 10e5 cells per well and incubated for 24
hours where the monolayer was ~ 80% confluent. Ten-fold dilution of clinical isolates were done
on 48-well plates using DMEM. Prior to infection, cells were washed with 1 x phosphate buffered
saline (PBS). Each dilution Virus inoculum in 250 pLL was added to each well (in duplicates).
Inoculum was removed after one hour of incubation. Viral titers were determined by Avicel plaque
assay. Avicel Overlay was prepared by mixing 3% Avicel solution with an equal volume of 2 x
DMEM and adding Gentamicin (50 ug/ml) +/- Amphotericin-B (2.5 ug/ml). Then 1 mL of the
mixture were immediately added to each well. The plaque assay plates were incubated without
disturbing at 37°C and 5% CO>. Overlays were removed on day three and cells were fixed with 1
ml of absolute methanol. After 5 min the methanol was removed, and cells were stained with 0.5
ml of a 0.2% crystal violet solution/well. After 3 days, cytopathic effect (CPE) of the clinical virus
samples was identified visually. The positions of CPE foci were marked and counted with a
permanent marker. Mean viral titers were then determined at the highest virus dilution that shows
CPE as plaque forming unit (pfu)/ml.

RT-qPCR analysis of SARS-CoV2.

Reverse transcriptase-polymerase chain reaction (RT-PCR) was used for detection of three gene
regions, SARS-CoV-2 nucleocapsid N1 and N2, and the small envelope protein (E) gene. The
human control gene ribonuclease P (RPPH1) was used to identify viability of the samples tested
and to evaluate efficiency of RNA extraction. We ran RT-PCRs in two duplex reactions: E gene
and RNase P, and N1 and N2. All primers were unlabeled, with the E and N2 probes labelled with
the hexachloro-fluorescein (HEX) fluorophore, with RNAse P and N1 probes labelled with the
fluorescein amidite (FAM) fluorophore. We performed RT-qPCR using a Luna® Universal Probe
One-Step RT-gPCR Kit (New England BioLabs) on a QuantStudio™ 7 real-time PCR system
(Applied Biosystems). Samples were run in a MicroAmp Endura optical 384 well clear plate
(Applied Biosystems) with a reaction volume of 10 pl. The mastermix contained Luna® Universal
One-Step Reaction Mix, 10 pmol of each primer, 5 pmol of each probe, Luna® WarmStart® RT
Enzyme Mix, and molecular grade water. A total of 4 pul of sample was added to each well
containing 6ul of mastermix. All plates were set up using a GEN2 OT-2 pipetting robot
(Opentrons). Samples were tested against all four markers, with positive controls (heat-inactivated
SARS-CoV-2) and no template controls (dH20) randomly placed within the plate. All primers and
probes were ordered from Integrated DNA Technologies (IDT, Coralville, IA, USA). Primer and
probe sequences of N1, N2, and RPPH1 were taken from(7/4), with primer and probe sequences
of the E gene taken from(7/5). A complete list of primers, probes, and their respective sequences
can be found in Supplementary Table 7.

Virus production for macrophage experiments.
For virus propagation, Caco-2 or Vero cells (DSMZ, Braunschweig, Germany) were seeded in
T175 tissue culture flasks in minimal essential medium (MEM) supplemented with 10% fetal
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bovine serum (FBS) and containing 100 IU/ml penicillin and 100 ug/ml streptomycin and
incubated at 37 °C with 5 % of CO,. Cell lines were then infected with HCoV-229E (ATCC no.
CCL-137) or MERS-CoV (BEI Resources (EMC/2012, NR-44260), respectively. Cell culture
supernatants were harvested after appearance of cytopathogenic effect (CPE), centrifuged to
remove cell debris and cell free viral stocks were stored at -80°C. Virus titers were determined as
TCIDso/ml in 96-well microtiter plates in confluent cells.

Viral infection of ALOX15B-silenced macrophages

Human peripheral blood mononuclear cells were isolated from commercially obtained bufty coats
of anonymous donors (DRK-Blutspendedienst Baden-Wiirttemberg-Hessen, Institut fiir
Transfusionsmedizin und Immunhidmatologie, Frankfurt, Germany) using Ficoll density
centrifugation. Primary human macrophages were generated and transfected using siRNA as
outlined here to achieve a knockdown of ALOX15B(70). Monolayers of control and ALOX15B
KD macrophages were infected with either MERS-CoV at MOI (multiplicity of infection) of 1 or
HCoV-229E at MOI of 0.1, respectively. Virus inoculum was removed after 2 hours, the cells were
washed three times with PBS and supplemented with RPMI 1640 medium containing penicillin
(100 U/ml), streptomycin (100 ug/ml) and 1% (v/v) FCS. Infection rates were determined by
detection of intracellular viral RNA by qPCR at different time points. Primer sequences were used
as follows: MERS-CoV UpE (Fwd: 5'-gca acg cgc gat tca gtt-3', Rev: 5'-gcc tct aca cgg gac cca
ta-3")(116), MERS-CoV N2 (Fwd: 5'-ggc act gag gac cca cgt t-3', Rev: 5'-ttg cga cat acc cat aaa
agc a-3")(117), HCoV-229E M (Fwd: 5'-ttc cga cgt gct cga act tt-3', Rev: 5'-cca aca cgg ttg tga cag
tga-3")(118).

Viral infection of ALOX15B-silenced macrophages with addition of sterol intermediates

To analyze the effects of sterol intermediates on post-entry processes, macrophages were infected
with MERS-CoV as described in the section above. After 2 hours, virus inoculum was removed
by three washes with PBS. RPMI 1640 medium containing penicillin (100 U/ml), streptomycin
(100 ug/ml) and 1% (v/v) FCS containing either lipid solvent ethanol or sterol intermediates was
added to the macrophages for the following 46 hours. Subsequently, RNA isolation was performed
using TRIzol reagent (cat. no. L34355, Thermo Fisher Scientific). Sterols were used in the
following concentrations: mevalonate (300 uM), geranylgeraniol, lathosterol, and desmosterol
(each 15 pM). Lathosterol (cat. number Cay9003102) was purchased from Cayman Chemical,
desmosterol (cat. number 700060P) from Avanti Polar Lipids, mevalonolactone (cat. number
68519), and geranylgeraniol (cat. number G3278) from Sigma-Aldrich.

Accessible cholesterol measurements using streptolysin O

For live-cell imaging, naive macrophages were incubated in serum-free media containing
propidium iodide (Prl, 1 pg/ml) and vehicle (dithiothreitol (DTT), 20 uM) or y-irradiated
streptolysin O (SLO, 29 nM)(119). After one hour, media was aspirated and replaced with fresh
serum-free media and red fluorescence was measured in cells using the Incucyte® S3 Live cell
Analysis System (Essen BioScience, Ann Arbor, Michigan, USA). For flow cytometric Prl
fluorescence measurements, siRNA transfected, or inhibitor treated cells were incubated with Prl,
vehicle, or SLO as indicated above. Following treatment, Prl fluorescence in macrophages was
measured by flow cytometry (FACSymphony™ AS SE, BD Life Sciences, Heidelberg, Germany).
In some experiments, macrophages were pretreated for 72 hours with water-soluble cholesterol
(10 pg/ml). ML-351 (10 uM) was added for 24 hours prior to SLO treatment. In control cells,
media was supplemented with DMSO (ML-351 solvent). ML-351 (cat. no. 6448) was purchased
from Tocris (Wiesbaden-Nordenstadt, Germany), water-soluble cholesterol (cat. no. C4951), vy-
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irradiated streptolysin O from Streptococcus pyogenes (cat. no. S0149) and propidium iodide (cat.
no. P4170) from Sigma Aldrich.

Statistics.

For in vitro comparisons, one-way ANOVA with Tukey Post Hoc test was used where there were
3 or more separate conditions (https://astatsa.com/OneWay Anova with TukeyHSD/), or
unpaired Student t-test (Excel) where there were only 2 comparisons. Where a lipid was below
LOQ in 50 % or more of samples, the lipid was removed from analysis in that experiment. Where
any individual sample had over 50 % of the lipids below LOQ, the sample was removed from
analysis in that experiment (this issue only impacted the 4-strain comparison experiment).
Supplementary Data provides red entries to denote imputed values. Although all in vitro
experiments were conducted using n = 3 biological replicates, in the 4-strain comparison, one
isolate of England2 had a low yield for several lipid categories, and another from the Beta strain
had low yield for some lipids, due to low recovery of virus. For this experiment, each “n”
represents a different culture of virus, obtained around 1 week apart using different inoculations
of stock virus, and due to this, overall yields showed higher variability. For all other in vitro
experiments (IL-6, IL-4, Dex), samples were established at the same time. In all experiments,
missing values were replaced with 20 % of the lowest detected value (ng/sample). Comparison
across lipid categories was done following conversion of lipidomics data to mol/sample using an
average mass value for each lipid category. Comparison within lipid categories instead used
ng/sample data. Where n = 3, mean +/- SEM is shown on bar charts. Where n = 2 for any samples
in a comparison (applies to 4 strain comparison only), SD is shown instead for all bars, even though
most samples in the experiment will have had n = 3. Figure legends provide specific information
on each experiment and number of replicates analyzed.

SUPPLEMENTARY FIGURE LEGENDS

Supplementary Figure 1. Lipidomics of four SARS-CoV-2 pandemic strain viruses reveals
their overall composition to be relatively conserved. Lab grown virus from AAT cells was
isolated using density gradient centrifugation, lipids extracted and then analyzed using targeted
LC/MS/MS as outlined in Methods. Each isolate was from a different culture obtained at least one
week apart. Alpha, Beta, Delta (n=3 isolates mean +/- SEM), England2 (n=2 isolates, mean +/-
SD). Relative abundance was calculated from ng values of all lipid species totaled, converted to
molar amount, then related to a mean mass value for each category. Statistics used one way
ANOVA with Tukey Post Hoc test. Panel B shows zoomed in data for lower abundance species
shown in A.

Supplementary Figure 2. Lipidomics of four SARS-CoV-2 pandemic strain viruses reveals
their molecular species to be relatively conserved. Lab grown virus from AAT cells was isolated
using density gradient centrifugation, lipids extracted and then analyzed using targeted LC/MS/MS
as outlined in Methods. Each isolate was from a different culture obtained at least one week apart.
All panels are n=3 for all strains except for lysoPE, PE, PE-O and PS, which have n=2 for England2
only. TG is n=3 for Alpha and Delta and n=2 for England2 and Beta strain. Where all samples
have n=3 isolates, mean +/- SEM is shown. Where any have n=2, mean +/- SD is shown. Relative
abundance was calculated from ng values of all lipid species totaled. Statistics used one way
ANOVA with Tukey Post Hoc test.
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Supplementary Figure 3. Lipid amount, but not composition of virus particles is significantly
increased by IL-4 treatment. Panel A. Total virus lipid recovered is significantly increased from
IL-4 treated host cells. IL-4 AAT cells were pretreated with IL-4 for 5 days as outlined in Methods,
before infection with SARS-CoV-2 England2 strain. Virus was harvested using density gradient
centrifugation and lipids extracted and quantified using LC/MS/MS as outlined in methods.
Heatmap shows ng values as total for each PL category, n=3 isolates mean +/- SEM, Statistics used
one way ANOVA with Tukey Post Hoc test. Panel B. IL-4 treatment leads to little change in overall
lipid composition of shed particles. Data from Panel A was expressed as relative molar proportions,
by normalizing to an average mass value per category and shown as log10 in a heatmap (Panel B),
or as a bar chart (Panel C), n=3 isolates mean +/- SEM, Statistics used one way ANOVA with
Tukey Post Hoc test.

Supplementary Figure 4. IL-4 pretreatment of host AAT cells leads to reduced PUFA and
saturated FA containing PL, but increased PL with 18:2/18:3. AAT cells were pretreated with
IL-4 for 5 days as outlined in Methods, before infection with SARS-CoV-2 England?2 strain. Virus
was harvested using density gradient centrifugation and lipids extracted and quantified using
LC/MS/MS as outlined in methods (n=3 isolates, mean +/- SEM, unpaired Student t-test). Amounts
of individual PL species detected were averaged and compared for an impact of IL-4 treatment,
and are shown as either bar charts, or log2foldchange. A decrease means reduction in the species
by IL-4, (n=3 isolates, mean +/- SEM), unpaired Student t-test, * P<0.05, ** P<0.01, ***P<(.005.

Supplementary Figure 5. IL-6 treatment of host cells has no impact on SARS-CoV-2
membrane composition. Panels A,B. Lipids were extracted from virus from IL-6 or IL-6/sIL-
6Ra-treated AAT cells then analyzed using LC/MS/MS as outlined in methods. Lipid amounts are
expressed as relative molar%, by totaling all species then normalizing to an average mass value
per category (n=3 isolates, mean +/- SEM), unpaired Student t-test. Panels C-W. Lipids were
extracted from virus from AAT cells treated with IL-6 or IL-6/sIL-6Ra, then analyzed using
LC/MS/MS as outlined in methods. Lipid amounts are expressed as relative abundance, ng% (n=3
isolates, mean +/- SEM), unpaired Student t-test.

Supplementary Figure 6. Dexamethasone treatment of host cells has no impact on SARS-
CoV-2 membrane composition. Panels A,B. Lipids were extracted from virus from
dexamethasone treated AAT cells then analyzed using LC/MS/MS as outlined in methods. Lipid
amounts are expressed as ng recovered, or relative molar%, by totaling all species then normalizing
to an average mass value per category (n=3 isolates, mean +/- SEM), unpaired Student t-test.
Panels B-V. Lipids were extracted from virus from AAT cells treated with dexamethasone, then
analyzed using LC/MS/MS as outlined in methods. Lipid amounts are expressed as relative ng%
(n=3 isolates, mean +/- SEM), one-way Anova, Tukey post hoc test.

Supplementary Figure 7. SARS-CoV-2 is sensitive to SPLA: hydrolysis by several isoforms.
Virus was exposed to several sSPLA> isoforms as outlined in Methods, then lipids extracted and
analyzed using LC/MS/MS. The relative amounts of each molecular species remaining was
determined, and totaled per lipid category, then normalized to untreated control virus PL levels
(n=3 isolates, mean +/- SEM).

Supplementary Figure 8. Plaque assays show the presence of live SARS-CoV-2 in pooled
saliva before and after isolation using ACE2-coupled magnetic beads. Panel A. Live virus in
pooled sample of SARS-CoV-2. Ten PCR positive clinical isolates were pooled and tested in a
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plaque assay at several indicated dilutions. Panel B. Live virus is detected in the sample obtained
after the first round of bead isolation. The pooled sample was extracted using ACE2 coupled beads
as outlined in Methods. The recovered sample was re-tested in a plaque assay at several indicated
dilutions. Panel C. Live virus is detected in the sample obtained after a second round of bead
isolation. The pooled sample was again extracted using ACE2 coupled beads as outlined in
Methods, for a second time. The second recovered sample was re-tested in a plaque assay at several
indicated dilutions. Panel D. Total lipid measured doesn t correlate with RT-PCR counts. Clinical
isolates (n=26) were extracted using ACE2-coupled beads as outlined in Methods, with both
isolates per sample pooled to generate one isolate/sputum. Lipids were extracted and analyzed
using LC/MS/MS as indicated in methods, and the total mg/sample compared with RC-qPCR
counts obtained prior to virus isolation.

Supplementary Figure 9. Lipid composition of recovered particles reveals major enrichment
with TGs in clinical isolates, as compared with Alpha strain, but when excluding TG,
particles become similar but show cholesterol enrichment. Lipids were extracted from clinical
isolates or Alpha strain then analyzed using LC/MS/MS as outlined in methods. Panel A. Lipid
composition of extracted virus samples is highly TG enriched. Lipid amounts (ng/sample) were
converted to molar, totaled and expressed as a % total lipid using an average mass value per
category (n=26 or 3, for clinical isolates and lab grown Alpha strain respectively, unpaired Student
t-test). Panel B. Lipid composition of recovered particles shows higher levels of cholesterol in
clinical isolates, as compared with Alpha strain. Lipid amounts (ng/sample), omitting TG, were
converted to molar, totaled and expressed as a % total lipid using an average mass value per
category (n=26 or 3, for clinical isolates and lab grown Alpha strain respectively, unpaired Student
t-test). Panels C,D. Within lipid categories some significant differences for PE and PC species are
seen between clinical and lab grown SARS-CoV-2. Lipids were converted to ng% within specific
categories and compared (n=26, clinical, n=3 lab grown, mean +/- SEM, unpaired Student t-test).

Supplementary Figure 10. Comparison of clinical virus with Alpha strain reveals some
differences in FA composition in individual PL categories. Panels A-R. Lipids were extracted
from clinical isolates or Alpha strain then analyzed using LC/MS/MS as outlined in methods. Lipid
amounts are expressed as relative abundance, ng% (n=26, clinical isolates, n=3 Alpha, mean +/-
SEM), unpaired Student t-test.

Supplementary Figure 11. Comparison of clinical virus with Alpha strain reveals some
differences in FA composition in individual PL categories. Panels A-H. Lipids were extracted
from clinical isolates or Alpha strain then analyzed using LC/MS/MS as outlined in methods. Data
from Supplementary Figure 10 is expressed as log2foldchange. A decrease means reduction in the
species by IL-4, (n=26, clinical isolates, n=3 Alpha, mean +/- SEM), unpaired Student t-test, *
P<0.05, ** P<0.01, ***P<0.005.

Supplementary Figure 12. Representative chromatograms for oxPL measured in the study.
Identification using internal daughter ions is based on coelution with the intact oxylipin fragment
(m/z 319.2) as well as relative retention time as compared to standards (the mixed isomers of PE
18:0a_ HETE with characteristic elution order).

Supplementary Figure 13. Accessible plasma membrane cholesterol is reduced in ALOX15B
KD macrophages. Panel A. Schematic illustration of streptolysin O (SLO)-mediated pore
formation in plasma membrane and subsequent intracellular movement of propidium iodide (Prl).
Panel B. Incucyte® live-cell imaging of SLO-mediated red Prl-fluorescence in SLO (29 nM) and
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Prl (1 ug/ml), but not vehicle (DTT, 20 uM) and Prl, treated macrophages. Panel C. Median
fluorescence intensity of Prl in SLO-treated control and ALOX15B KD macrophages. Panel D.
Median fluorescence intensity of Prl in SLO-treated control and ML-351 pretreated macrophages.
Panel E. Median fluorescence intensity of Prl in SLO-treated control and ALOX15B KD
macrophages pretreated with cholesterol-loaded methyl-B-cyclodextrin (10 pg/ml). (mean + SE
from at least four independent experiments. Statistical analysis was performed using two-tailed
student’s t-test for C and E (*P<0.05 and **P<0.01 vs siControl) and D (*P<0.05 and **P<0.01
vs control).
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Supplementary Figure 12
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