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Abstract 

Norovirus, the leading cause of gastroenteritis worldwide, is a non-enveloped virus 

whose tropism is determined in part by the expression patterns of entry receptors. 

However, the contribution of cellular lipids to viral entry is not well understood. Here, 

we determined that the asymmetrical distribution of lipids within membrane bilayers 

is required for murine norovirus (MNV) replication. Specifically, TMEM30a, an essen-

tial subunit of lipid flippases, is required for MNV replication in vitro. Disruption of 

TMEM30a in mouse intestinal epithelial cells prevents persistent, enteric infection by 

MNV in vivo. Mechanistically, TMEM30a facilitates MNV binding and entry. Surpris-

ingly, exoplasmic phosphatidylserine (PS), a typical marker of dying cells, does not 

inhibit MNV infection. Rather, TMEM30a maintains a lipid-ordered state that impacts 

membrane fluidity that is necessary for the low affinity, high avidity binding of MNV to 

cells. Our data provides a new role for lipid asymmetry in promoting non-enveloped 

virus infection in vitro and norovirus persistence in vivo.

Introduction

The plasma membrane provides an intrinsic barrier blocking viral access to the host 
cytosol. Research efforts have largely focused on how receptors enable viruses to 
cross membranes. In contrast, very little is known about how lipids regulate viral 
entry. Biological membranes consist of lipid bilayers with asymmetric distribution [1]. 
Amine-containing phospholipids such as phosphatidylethanolamine (PE) and phos-
phatidylserine (PS) are found on the inner leaflet of the plasma membrane, but are 
nearly absent on the outer leaflet. Lipid asymmetry is established and maintained 
by lipid flippases and floppases. Flippases transport lipids from the exoplasmic side 
of the membrane to the cytoplasmic side, while floppases catalyze cytoplasmic to 
exoplasmic transport [2, 3]. It is appreciated that enveloped viruses promote the 
incorporation of exoplasmic PS in viral envelopes to promote uptake by scavenger 
receptors [4–6]. This process, coined viral apoptotic mimicry, has been implicated 
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for numerous enveloped viruses including Filoviruses, Orthopoxviruses, and Flavi-
viruses [5]. However, whether lipid asymmetry is important for non-enveloped virus 
entry is unknown.

Noroviruses (NoV) are non-enveloped, positive-sense RNA viruses and are a 
leading cause of gastroenteritis worldwide [7, 8]. Norovirus shedding has been 
detected in asymptomatic individuals months after symptom resolution [9, 10]. 
Norovirus persistence has been postulated to be the initiating source of outbreaks, 
yet our ability to treat or clear persistent norovirus infections is limited [11]. Murine 
norovirus (MNV) has emerged as the preeminent HNoV model system as it is a 
natural pathogen of mice, replicates robustly in standard cell lines, and certain MNV 
strains cause persistent enteric infection of mice that models the long-term shedding 
of human norovirus infections [12–14]. We and others have conducted genome-
wide CRISPR screens to identify host genes required for MNV replication [15–17]. 
In addition to identifying CD300lf as a proteinaceous receptor for MNV, numerous 
other genes were associated with norovirus replication [15,17]. One such gene, 
TMEM30a, also called CDC50a, is an essential component of P4-ATPase flippase 
complexes [18]. Without TMEM30a, lipid flippases are unable to leave the endoplas-
mic reticulum and cells lose lipid asymmetry; yet how TMEM30a promotes norovirus 
replication is unclear [19, 20].

Here, we set out to determine how lipid asymmetry maintained by lipid flippases 
facilitates MNV replication. We determined that TMEM30a is required for replication 
in vitro and loss of TMEM30a in intestinal epithelial cells prevents persistent, enteric 
infection by MNV. Interestingly, despite lipid asymmetry being disrupted throughout 
the cell, MNV only requires TMEM30a for viral entry. In the absence of TMEM30a, 
MNV is unable to efficiently bind cells even when CD300lf is present on the cell 
surface. We present a model in which membrane order and fluidity independent of 
lipid head groups such as PS are important for promoting norovirus infection and 
persistence.

Results

TMEM30a is required for efficient MNV infection in vitro and in vivo

To verify that TMEM30a is a pro-viral factor for MNV, we generated TMEM30a 
knockout BV2 cells (BV2ΔTMEM30a) and confirmed that these BV2ΔTMEM30a cells 
have the anticipated increase in exoplasmic PS and PE via staining with Annexin V 
and Duramycin respectively (Fig 1A and 1B) [18,21]. Alterations in lipid asymmetry 
increase enveloped viral spread via apoptotic mimicry, although the specific contri-
bution of TMEM30a to this process is poorly defined [4–6,22]. In line with previous 
literature on apoptotic mimicry, vesicular stomatitis virus (VSV) showed a modest 
increase in viral titers in BV2ΔTMEM30a cells compared to wild-type BV2 (Fig 1C) 
[23]. These data verify known functions of TMEM30a and lipid asymmetry in BV2 
cells while also demonstrating that despite global alterations in membrane asymme-
try BV2ΔTMEM30a cells can support viral replication. Consistent with this notion, we 
find no differences in cellular health and viability between BV2 and BV2ΔTMEM30a 
cells (Fig 1D and 1E). Furthermore, while wild-type BV2 cells succumb to the lytic 
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Fig 1.  TMEM30a is required for MNV replication in vitro and in vivo. (A, B) Representative Histograms comparing Annexin V (A; left) or Duramycin 
(B; right) staining of BV2 WT and BV2ΔTMEM30a cells. (C) BV2 or BV2ΔTMEM30a cells were challenged with VSV at a multiplicity of infection (MOI) of 
0.01. Viral production was enumerated using plaque assays (PFU; plaque forming units) at 16 h post-infection. (D, E) BV2 or BV2ΔTMEM30a cells were 
either mock infected or challenged with MNVCR6 at an MOI of 0.05 or 5.0. Twenty-four hours post-infection (D; left) or 48 hpost-infection (E; right) cellular 
viability was measured using CellTiter-Glo. All data are normalized to BV2 mock infected. (F, G) BV2 or BV2ΔTMEM30a cells were challenged with MNV 
strains MNVCR6 (F; top) or MNVCW3 (G; bottom) at an MOI of 0.05. Viral production was enumerated using plaque assays at the indicated time points. (H) 
BV2 or BV2ΔTMEM30a cells were challenged with indicated MNV strains and 12 h post-infection viral production was enumerated using plaque assay. 
Viral input is also graphed. (I) Representative Histograms comparing Annexin V staining of indicated cell lines. (J) BV2 or BV2ΔTMEM30a cells express-
ing either an empty vector or TMEM30a were challenged with MNVCR6 at an MOI of 0.05. Viral production was measured at 12 h post-infection via plaque 
assay. (K, L) TMEMfl/fl or TMEMfl/fl Vilcre mice were challenged with 106 PFU per oral of MNVCR6 and genome copies were enumerated in the feces at 
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infection of MNV at both 24 and 48 h post-infection, BV2ΔTMEM30a cells survive viral challenge with both low and high 
multiplicity of infection (MOI) (Fig 1D and 1E). Taken together these data demonstrate a specific pro-murine norovirus 
role for TMEM30a that is different from enveloped viral apoptotic mimicry and is not attributed to gross differences in cell 
health and viability.

MNV strains exhibit diverse cellular and tissue tropisms in vivo [24–26]. We next tested the ability of two representative 
MNV strains to replicate in BV2ΔTMEM30a cells. MNVCR6 causes persistent infection of intestinal tuft cells while MNVCW3 
infects immune cells causing an acute systemic infection [24,25,27]. Compared to wild-type BV2 cells, BV2ΔTMEM30a 
cells were deficient in MNV production at a single cycle of replication (12 h) or at multiple cycles (24 h) (Fig 1F and 1G). 
Similar results were observed with both MNVCR6 and MNVCW3. We next extended our analysis to a panel of diverse MNV 
strains that represent major branches on an MNV phylogenetic tree [12]. Twelve hours post-infection BV2ΔTMEM30a 
cells produced significantly less viral titers compared to wild-type counterparts for MNV strains CW3, CR6, CR3, CR7, 
and S99 (Fig 1H). We observed a reduction, although not statistically significant, in viral titers for MNV strain WU23 in 
BV2ΔTMEM30a cells (Fig 1H). Importantly, the defect in viral production for MNVCR6 was complemented via expression of 
a TMEM30a cDNA (Fig 1I and 1J). These data indicate that TMEM30a is required for optimal in vitro infection by diverse 
MNV strains.

Germline deletion of TMEM30a is embryonic lethal [28]. To test the contribution of TMEM30a to MNV infection in vivo, 
we generated conditional knockout mice (TMEMfl/fl) crossed to Villin Cre (Vilcre) to specifically target intestinal epithelial 
cells, including tuft cells, the reservoir for persistent MNV infections [25,29]. Compared to cre-negative littermate controls, 
TMEM30afl/fl-Vilcre mice were unable to support persistent fecal shedding of MNVCR6 (Fig 1K). Further examination of the 
tissues demonstrated a dramatic reduction in viral genomes in the colon, ileum, and mesenteric lymph nodes  
(Fig 1L). These data indicate that TMEM30a is required for MNV to establish a persistent infection in both tissues and 
fecal shedding.

TMEM30a is required for viral entry and binding despite CD300lf at the cell surface

TMEM30a deficiency impacts lipid asymmetry throughout the cell and has the potential to impact multiple stages of the 
MNV replication cycle [30]. MNV engages cellular membranes at several points during its replication cycle including the 
binding of CD300lf at the plasma membrane, establishment of a replication complex via reorganization of the endomem-
brane system, and viral release from infected cells [31]. Equivalent levels of infectious particles were produced from wild-
type BV2 and BV2ΔTMEM30a cells transfected with MNV genomes, indicating that only MNV entry requires TMEM30a 
(Fig 2A). We then tested the ability of MNVCR6 to bind BV2ΔTMEM30a cells. While MNVCR6 robustly bound wild-type BV2 
cells, it was significantly impaired in binding BV2ΔTMEM30a cells or the viral receptor-deficient BV2ΔCD300lf cells  
(Fig 2B). Importantly, this binding defect was rescued by expression of TMEM30a cDNA (Fig 2B). Because CD300lf 
expression is essential for MNV binding and entry, we tested whether overexpression of CD300lf could overcome MNV 
dependence on TMEM30a for infection. However, there was no improvement in infectious particle production in BV2ΔT-
MEM30a cells when CD300lf was overexpressed despite the receptor being robustly detected on the surface of the cells 
(Fig 2C and 2D).

While CD300lf directly interacts with the MNV capsid, it does so through a small surface area with an unusually weak 
affinity [32]. Therefore, small molecule cofactors have been implicated in enhancing binding affinity and entry for both 
human and mouse norovirus. Bile acids and ceramides are conserved cofactors that augment norovirus infection in 

the indicated times (K; left) or in the indicated tissues 21 days post-infection (L; right). Each dot represents a single mouse and the dashed lines indicate 
the limit of detection. All data are shown as mean ± S.D. from three independent experiments and analyzed by one-way ANOVA with Tukey’s multiple 
comparison test. Statistical significance is annotated as follows: ns not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. The data underlying 
this Figure can be found in S1 Table.

https://doi.org/10.1371/journal.pbio.3003147.g001

https://doi.org/10.1371/journal.pbio.3003147.g001
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Fig 2.  TMEM30a is an MNV entry factor that facilitates viral binding to cells. (A) Indicated cell lines were transfected with viral RNA from MNVCR6 
and harvested 12 h post-transfected. Viral titers were enumerated through plaque assay. (B) Indicated cell lines were assayed for MNVCR6 binding using 
quantitative polymerase chain reaction and normalized to the mean of BV2 + vector for each experiment. (C) A representative histogram of surface 
CD300lf staining of indicated cell lines. (D) BV2 or BV2ΔTMEM30a cells expressing either an empty vector or CD300lf were challenged with MNVCR6 
at an MOI of 0.05 and after 12 h post-infection viral production was enumerated via plaque assay. (E) BV2 or BV2ΔTMEM30a cells were infected with 
MNVCR6-HiBiT at an MOI 0.5 in the presence of DMSO, 500 µM GCDCA, or 50 µM C2 ceramide. Sixteen hours post-infection cells were lysed and infec-
tion was measured using Nano-Glo HiBiT Lytic Detection System (Promega) post-lysis. Samples are normalized to BV2 cells treated with DMSO. All 
data are shown as mean ± S.D. from three independent experiments and analyzed by one-way ANOVA with Tukey’s multiple comparison test. Statistical 
significance is annotated as follows: ns not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. The data underlying this Figure can be found in 
S1 Table.

https://doi.org/10.1371/journal.pbio.3003147.g002

https://doi.org/10.1371/journal.pbio.3003147.g002
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both human and mouse cells [32–34]. For example, the addition of C2 ceramide can rescue the binding defect of MNV 
in sphingolipid deficient mouse cells while also bypassing the entry restriction of GII.3 human norovirus replication in 
human intestinal enteroids [33, 34]. Therefore, we tested whether the addition of the bile acid glycochenodeoxycholic 
acid (GCDCA) or C2 ceramide would rescue MNV replication in BV2ΔTMEM30a cells using a recently developed MNV 
reporter virus [35]. While addition of GCDCA and C2 ceramide augmented MNVCR6 replication in wild-type BV2 cells, the 
addition of these cofactors did not increase viral replication in BV2ΔTMEM30a cells (Fig 2E). These data indicate that 
entry requirement for TMEM30a represents an unappreciated step in norovirus entry independent of receptor expression 
or presence of enhancing cofactors. Taken together, these findings suggest a model in which TMEM30a is required for the 
entry of MNV while all other steps of viral replication are not significantly affected.

Membrane order rather than exoplasmic PS is critical for MNV infection

We next sought to understand how TMEM30a promotes MNV entry. We profiled the exoplasmic PS and PE levels in 
BV2ΔTMEM30a cells expressing previously reported loss of function mutations to uncouple TMEM30a lipid flipping 
activities [36]. Fortuitously, we identified cell lines that can be categorized into three distinct plasma membrane states: 
(1) cells with no exoplasmic PS or PE, (2) cells with both exoplasmic PS and PE, (3) cells with only exoplasmic PE but 
not exoplasmic PS. More specifically, complementation of BV2ΔTMEM30a cells with TMEM30a reduced exoplasmic PS 
and PE levels to that of wild-type cells (Fig 3A–3C). In contrast, expression of TMEM30aK308E in BV2ΔTMEM30a cells 
failed to reduce exoplasmic PS and PE levels (Fig 3A–3C). TMEM30aK308E is unable to chaperone P4-ATPases out of 
the endoplasmic reticulum [36]. Lastly, expression of the hypomorphic construct TMEM30aW260A led to a discordance 
in exoplasmic PS and PE levels in BV2ΔTMEM30A cells [36]. The TMEM30AW260A expressing cells had similar annexin 
staining levels as wild-type cells indicating the cells had little exoplasmic PS (Fig 3A and 3B). However, these same 
cells had elevated levels of exoplasmic PE as indicated by duramycin staining (Fig 3A–3C). This contrast between 
exoplasmic PS and PE provided a unique opportunity to distinguish the lipid flipping activities of TMEM30a. Indeed, 
challenging these cell lines with MNVCR6 indicates that exoplasmic PS is not sufficient to explain why MNV requires lipid 
asymmetry. In particular, BV2ΔTMEM30a + TMEM30aW260A cells have elevated exoplasmic PE and were unable to sup-
port MNVCR6 infection despite normal levels of exoplasmic PS (Fig 3D). Importantly, the TMEM30a complemented and 
deficient cell lines grew at similar rates, ruling out differences in viability as a basis for the differences in MNV replication 
(Fig 3E).These data suggest that the lipid flippase activity of TMEM30a is critical for promoting MNV replication and that 
MNV is more sensitive to exoplasmic PE rather than exoplasmic PS. Consistent with this model, masking the exoplas-
mic PS on BV2ΔTMEM30a cells by preincubating cells with saturating amounts of annexin V had no impact on viral 
binding to BV2 or BV2ΔTMEM30a cells (Fig 3F). Taken together, these data demonstrate that TMEM30a lipid flipping is 
critical for MNV recognition of cells and that this dependency on lipid asymmetry is independent of exoplasmic PS and 
correlates with exoplasmic PE.

Given that exoplasmic PS was not sufficient to explain MNV infection dependence on TMEM30a, we next explored 
whether a general disruption of lipid packing and order could be responsible for the phenotype. In addition to head-
group asymmetry, lipids are asymmetrical in lipid saturation which leads to distinct changes in membrane order and flu-
idity [37]. To characterize the physical properties of membranes we leveraged the outer leaflet selective probe NR12S. 
NR12S is a derivative of Nile Red whose fluorescence emission shifts towards shorter wavelengths (530 nm) when 
incorporated into a liquid-ordered phase compared to a liquid-disordered phase (630 nm) [38]. NR12S fluorescence 
emission profiles of BV2ΔTMEM30a cells demonstrated a significant increase in membrane disorder as measured by 
the emission ratio 530 nm/630 nm (Fig 3G). Importantly, this phenotype could be restored via complementation with a 
TMEM30a cDNA (Fig 3G). These data indicate that in addition to changes in lipid head group, TMEM30a is required 
to maintain exoplasmic lipid order, which has the potential to impact MNV binding and entry independent of lipid 
headgroup.
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Fig 3.  TMEM30a lipid flipping activity of PE but not PS facilitates MNV replication. (A) Representative histograms from FACS analysis of indicated 
cell lines stained with Annexin V (left) or Duramycin (right). (B) Quantification of percent positive cells for Annexin V (Left) or Duramycin (right). Data is 
from four independent experiments. (C) Representative histogram of intracellular flow cytometry for TMEM30a-HA of indicated cell lines. (D) Indicated 
cell lines were challenged with MNVCR6 at an MOI of 0.05 and viral titers enumerated 12 h post-infection via plaque assay. Data is from three indepen-
dent experiments. (E) Indicated BV2 cell lines were seeded and cellular viability was measured using CellTiter-Glo 24 h later. All data are normalized to 
BV2 + Vector. (F) Indicated cell lines were incubated with either Annexin V or buffer alone on ice prior to performing a binding assay with MNVCR6. Within 
an experiment binding was normalized to BV2 mock treated. Data is from three independent experiments. (G) Ratio of the emission at 530 nm over 
630 nm of indicated cell lines after incubated with NR12S. Data is from three independent experiments. All data are shown as mean ± S.D. from at least 
three independent experiments and analyzed by one-way ANOVA with Tukey’s multiple comparison test. Statistical significance is annotated as follows: 
ns not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. The data underlying this Figure can be found in S1 Table.

https://doi.org/10.1371/journal.pbio.3003147.g003

https://doi.org/10.1371/journal.pbio.3003147.g003
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Discussion

Here we uncover an unappreciated connection between lipid asymmetry and norovirus entry. Unlike enveloped viruses 
that disrupt lipid asymmetry to promote their uptake, MNV requires lipid asymmetry to enter cells [5]. These findings add 
to the growing body of literature that lipids are important mediators of norovirus entry. Sphingolipid biosynthesis maintains 
CD300lf in a functional confirmation for MNV entry [34]. However, CD300lf staining was not affected by disruptions in lipid 
asymmetry, pointing to a distinct role for the ordered distribution of lipids in promoting MNV infection (Fig 2C). For human 
norovirus, the addition of ceramide to cells promotes norovirus replication and cellular acid sphingomyelinase promotes a 
membrane wound repair pathway that enables entry of pandemic human norovirus strains [33,39]. However, neither the 
addition of C2 ceramide nor bile acids was able to rescue MNV entry in BV2ΔTMEM30a cells (Fig 2E). Thus, TMEM30a 
functions at an unappreciated stage of MNV binding that may involve lipid engagement with the viral receptor or the virion 
itself. Whether other noroviruses, including Human Norovirus requires TMEM30a is unknown and warrants investigation.

Noroviruses can be shed long after symptom resolution in asymptomatic individuals [9, 10]. In the MNV system, only a 
small number of tuft cells in the intestinal epithelium are infected despite high titers of virus being shed in the feces of the 
mice [25,40]. Disruption of lipid asymmetry in intestinal epithelial cells dramatically reduces viral persistence in vivo (Fig 
1K and 1L). Given that TMEM30a deficient cells can support low levels of viral replication in vitro, these data suggest that 
only a small perturbation to persistent viral infection may be necessary to halt transmission cycles. One limitation of our 
study is that we are unable to ascertain whether defective MNV entry is the reason why TMEM30afl/fl-Vilcre mice do not 
support persistent infection of MNVCR6 or whether other complex non-cell autonomous factors are responsible. Neverthe-
less, TMEM30a is required for persistent MNV infection and represents a potential therapeutic target for persistent norovi-
rus infections.

Lipid asymmetry involves the segregation of different lipid classes to distinct leaflets of the lipid bilayer. Disruption of 
lipid asymmetry in platelets leads to a ratio of two PSs for every five PEs being exposed [41]. Despite the abundance of 
exoplasmic PE, most research efforts have focused on the distribution of PS given the number of scavenger receptors 
that bind PS to facilitate the clearance of dead cells [42]. Exoplasmic PE has been shown to have a similar role for PS 
or synergize with PS engagement of proteins [43, 44]. In contrast, our work correlates a role for exoplasmic PE in pre-
venting MNV entry. Using a TMEM30a mutant that has a partial loss of function (TMEM30AW260A), we generated cells that 
had exoplasmic PE but normal PS distribution (Fig 3A and 3B). In this setting, MNV was unable to replicate, suggesting a 
critical role of PE but not PS in regulating MNV entry (Fig 3D). How PE directly or indirectly impacts viral binding to cells is 
an outstanding question. We propose a model in which changes in the distribution of lipids alter membrane fluidity which 
in turn reduces MNV binding. This model is supported by the recent finding that decreasing membrane mobility reduced 
MNV binding due to the low-affinity, high avidity of MNV engaging CD300lf [32,45]. Indeed, in our in vitro model, BV2ΔT-
MEM30a cells had a decrease in lipid order, one component that influences membrane fluidity (Fig 3G).

However, several alternative, non-exclusive models should be noted. First, the organization of lipid microdomains is an 
important aspect of cellular signaling. While signaling from CD300lf itself is not required for MNV entry, it is possible that 
non-CD300lf signaling events that lead to the clustering or stabilization of MNV-CD300lf complex are missing in BV2ΔT-
MEM30a cells [15]. Additionally, the distribution of lipids is important for endomembrane trafficking events. Thus, it is 
possible that the disruption of lipid asymmetry impacts the subcellular localization and trafficking of both transmembrane 
and peripheral membrane proteins. While CD300lf itself is trafficked to the cell surface efficiently in both BV2ΔTMEM30a 
and BV2 wild-type cells (Fig 2C), other unappreciated MNV entry proteins may be mislocalized in TMEM30a deficient 
cells. Finally, many viruses bind lipids or glycolipids to enhance their entry into host cells [46, 47]. We have been unable 
to demonstrate a role in MNV entry for cellular lipids or glycans directly engaging the MNV capsid [15]. However, it is 
possible that a complex, cooperative biochemical interaction exists between lipids, CD300lf, and the MNV capsid that is 
disrupted in TMEM30a deficient cells. Future work leveraging advances in viral genetics, cell biology, and lipid biochemis-
try are needed to further define the interesting but complex role of TMEM30a in MNV entry.
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Our work has several limitations. First, the mechanism for how the TMEM30aW260A mutant selectively enables PS 
flipping but not PE is unknown. This phenotype may be cell-type specific or dependent upon the expression levels we 
achieved in our study. Second, we are currently unable to disentangle lipid saturation asymmetry and head group asym-
metry. It is possible that changes in both lipid packing and lipid headgroups are detrimental to MNV infection. Despite over 
50 years of research on membrane biology, it remains unclear why an asymmetric bilayer is advantageous to cells [37,48]. 
Our research results presented here provide new tools and a physiological system to address this fundamental aspect of 
cellular physiology.

Materials and methods

Ethics statement

All mouse experiments were conducted at University of Texas Southwestern Medical Center and approved by the 
University of Texas Southwestern Medical Center’s Institutional Animal Care and Use committees under protocol 
2018-102627.

Cell culture

293T (ATCC), Vero (ATCC) and the mouse microglial cell line BV2 (Kind gift of Dr. Skip Virgin, Washington University) 
were cultured in Dulbecco’s Modified Eagle Medium (DMEM) with 5% fetal bovine serum (FBS) [49]. 3 µg/mL of puromy-
cin (Thermo Fisher) was added as appropriate. BV2ΔCD300lf cells have been described previously [15]. BV2ΔTMEM30a 
cells were generated at the Genome Engineering and iPSC center at Washington University School of Medicine. BV2 
cells were nucleofected with Cas9 and TMEM30a-specific sgRNa (CGGAGATAAACATTTATTGCNGG). Single cell clones 
were screened for frameshifts by sequencing the target region with Illumina MiSeq at approximately 500× coverage. All 
cell lines are tested regularly and verified to be free of mycoplasma contamination.

Plasmids

cDNA for human TMEM30a was obtained from TransOMIC and subsequently cloned into pCDH-MSCV-T2A-Puro vector 
(System Biosciences) with and without a C-terminal HA-tag. pCDH-MSCV-CD300lf-Flag-T2A-Puro was described pre-
viously [15]. All TMEM30a mutants were generated through splicing by overlap extension PCR. All DNA constructs were 
sequence verified.

VSV experiment

5 x 104 wild-type BV2 or BV2ΔTMEM30a cells were seeded in a 96-well plate overnight. The following day, media was 
removed and VSVIndiana (a kind gift of Sean Whelan) was added to cells at an MOI of 0.5. After 1 h of gentle rocking at room 
temperature, viral inoculum was removed, washed with phosphate-buffered saline (PBS), and fresh media to the cells. 
Sixteen hours post-infection samples infections were quantified using a standard plaque assay with Vero cells.

MNV assays

MNVCW3 (Gen bank accession no. EF014462.1), MNVCR6 (Gen bank accession no. JQ237823), and MNVCR6-HiBiT were 
generated by transfecting molecular clones into 293T cells and amplifying on BV2 cells as described previously [15,35]. 
MNV strains CR3, CR7, WU23, and S99 were kind gifts from Dr. Craig Wilen (Yale School of Medicine) [26]. For MNV 
growth assays, 5 × 104 BV2 cells were seeded in 96-well plates and the next day inoculated with virus and frozen at  
−80 °C at the indicated time point. MNV plaque and entry bypass assays were done as described previously [15]. For 
isolation of MNVCR6 RNA, RNA was purified from cell-free viral preparations using the Direct-zol RNA Miniprep kit (Zymo 
Research catalog #R2052) according to manufacturer instructions. Purified RNA, which includes both host and viral RNA, 
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was verified to be free of infectious MNV particles via plaque assay. Ten µg of RNA was transfected using Lipofectamine 
2000 transfection reagent according to the manufacturer’s protocol. Transfected cells were frozen 12 h later. All infections 
were done in triplicate in each of at least three independent experiments.

MNVCR6 binding assays were performed as previously described [34]. Briefly, MNVCR6 binding to BV2 cells was per-
formed for 1 h at 4 °C in 0.5 mL DMEM with 10% FBS. BV2 cells were used at a final concentration of 2.5 × 106 cells/mL 
and MNV was used at an MOI of 1. Cells were centrifuged 500g for 5 min at 4 °C to remove unbound virus. Cells were 
washed four times with 1 mL cold DMEM with 10%FBS. The cell pellet was resuspended in 100 µ L PBS, and RNA was 
extracted using the Direct-zol RNA Miniprep kit according to manufacturer instructions. qPCR was utilized to quantify MNV 
and Actin transcript abundance. Binding assays were conducted in triplicate in at least three independent experiments and 
binding was normalized within an experiment to the ratio of MNV/Actin and normalized between experiments by setting 
the relative binding of MNV to WT BV2 cells at 100% as done previously [34].

For MNVCR6-HiBiT experiments, 2.5 × 105 BV2 or BV2ΔTMEM30a cells were seeded in a 24-well plate overnight. The 
next day media was replaced with DMSO, 500 µ M GCDCA (Sigma), or 50 µ M C2 ceramide (Avanti Research) with 1.25 
× 105 PFU of MNVCR6-HiBiT in 200 µ L total volume. After 1 h of incubation at room temperature with gentle rocking, media 
was removed and 200 µl of standard media was replaced (DMEM with 5% FBS). After 16 h, cells were lysed in 200 µl of 
Nano-Glo HiBiT Lytic Buffer (Promega). Lysed samples were then mixed LgBiT protein and Nano-Glo HiBiT Lytic Sub-
strate prior to reading luciferase as detailed in manufacturer’s protocol. Each experimental condition was performed in 
triplicate across three independent experiments. Within each experiment samples were normalized to the average signal 
of the wild-type BV2 cells treated with DMSO.

Cell survival assays

For cell survival assays, 2 × 104 of indicated cell lines were seeded in wells of a white-walled 96-well plate (Corning) either 
untreated (mock) or with MNVCR6 at indicated MOI. Twenty-four or 48 hlater, viability was measured using CellTiter-Glo 
(Promega) according to manufacturer’s protocol. Within each experiment, the viability of each cell line was normalized to 
the untreated of the wild-type BV2 (or wild-type BV2 expressing an empty vector). Each condition was assessed at least 
in quadruplicate in three independent experiments.

Flow cytometry

For fluorescence-activated cell sorting (FACS) analysis, cells were isolated and probed for either Annexin-V (Biolegend 
#64095) or Duramycin-LC-Biotin (polysciences catalog#25690-100) in annexin staining buffer (0.01 M Hepes Buffer, 0.14 
M NaCl, 2.5 mM CaCl

2
) or PBS respectively. Samples were incubated at 4 °C for 30 min prior to washing and staining with 

FITC- or PE- conjugated Streptavidin. The fluorescent intercalator 7-Aminoactinomycin D (7-AAD) (Fisher Scientific cata-
log#A1310) was used as a control to observe cell-viability. For CD300lf expression, cells were stained with the PE-TX70 
antibody (Biolegend #132704) as described previously[34]. For intracellular FACS, cells were fixed and permeabilized 
with Cytofix/Cytoperm (BD Biosciences) prior to staining Rabbit monoclonal anti-HA antibody (CellSignaling Technologies 
#3724). At least 20,000 events were collected per condition. Each experiment was performed in triplicate in each of three 
independent experiments. Cells were analyzed on a FACS Calibur flow cytometer and data analyzed using FlowJo v10 
(FlowJo LLC, Ashland, OR).

Mouse infections

We thank the Wellcome Trust Sanger Institute Mouse Genetics Project (Sanger MGP) and its funders for providing the 
mutant mouse line Tmem30atm1a(KOMP)Wtsi and INFRAFRONTIER/EMMA (www.infrafrontier.eu). Funding information may 
be found at www.sanger.ac.uk/mouseportal and associated primary phenotypic information at www.mousephenotype.org.  

www.infrafrontier.eu
www.sanger.ac.uk/mouseportal
www.mousephenotype.org
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Tmem30atm1a(KOMP)Wtsi mice were first bred to B6.Cg-Tg(Pgk1-flpo)10Sykr/J (Jax stock #011065) to remove the 
genetrap cassette and create a conditional knockout mouse. We then bred TMEM30afl/fl mice to B6 Vil-cre (Jax stock 
#004586) in a pathogen-free barrier facility including devoid of murine norovirus. 1 × 106 PFU of MNVCR6 diluted in 25 µl of 
DMEM was inoculated per orally to 6–8-week-old mice. Immediately after inoculation, mice were singly housed. Fecal pel-
lets were collected at 0, 3, 7, 14, and 21 days post-infection. Mice were euthanized at 21 days post-infection and tissues 
were harvested and prepared for RNA isolation.

Quantitative PCR

MNV genome copies in fecal pellets and tissues were determined as previously described. Briefly, RNA was isolated from 
infected tissues using TRI Reagent (Sigma- Aldrich # T9424) with a Direct-zol kit (Zymo Research) following the manufac-
turers’ protocols. 1 µg of RNA was used for cDNA synthesis using a High-Capacity cDNA Reverse Transcription kit, follow-
ing the manufacturer’s protocols (Thermo Fisher Scientific # 4368813). TaqMan quantitative PCR (qPCR) for MNV was 
performed in triplicate on each sample and standard with forward primer 5′-GTGCGCAACACAGAGAAACG-3′, reverse 
primer 5′-CGGGCTGAGCTTCCTGC-3′, and probe 59-6FAM-CTAGTGTCTCCTTTGGAGCACCTA-BHQ1-3′. TaqMan 
qPCR for Actin was performed in triplicate on each sample and standard with forward primer  
5′-GATTACTGCTCTGGCTCCTAG-3′, reverse primer 5′-GACTCATCGTACTCCTGCTTG-3′, and probe 5′-6FAM- 
CTGGCCTCACTGTCCACCTTCC-6TAMSp-3′. RNA from infected fecal pellets was isolated using RNeasy Mini QIAcube 
Kit (Qiagen # 74116) and cDNA synthesis was performed using M-MLV Reverse Transcriptase kit (Invitrogen # 28025013) 
using manufacturer’s protocols.

NR12S

5 × 104 BV2 cells were seeded in black-walled 96-well plates and the following day media was removed and 100 nM 
NR12S (Tocris) diluted in DMEM without FBS was added to cells at room temperature for 20 min. Media was removed, 
and PBS was added to cells. Samples were read on a BioTek Cytation5 plate reader with an excitation of 520 nm and 
separate emission readings at 560 and 630 nm.

Supporting information

S1 Table.  Primary data for all figures. 
(XLSX)

Acknowledgments

We would like to thank Craig Wilen, Chaitanya Dende, Neal Alto, and Arun Radhakrishnan and all members of the 
Orchard Lab for helpful discussions.

Author contributions

Conceptualization: Robert C. Orchard.

Funding acquisition: Robert C. Orchard.

Investigation: Brittany M. Stewart, Linley R. Pierce, Mikayla C. Olson, Chengyuan Ji.

Methodology: Brittany M. Stewart, Linley R. Pierce, Mikayla C. Olson, Chengyuan Ji.

Supervision: Robert C. Orchard.

Writing – original draft: Brittany M. Stewart, Linley R. Pierce, Mikayla C. Olson, Robert C. Orchard.

Writing – review & editing: Brittany M. Stewart, Linley R. Pierce, Mikayla C. Olson, Chengyuan Ji, Robert C. Orchard.

http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003147.s001


PLOS Biology | https://doi.org/10.1371/journal.pbio.3003147  April 17, 2025 12 / 13

References
	 1.	 Grecco HE, Schmick M, Bastiaens PI. Signaling from the living plasma membrane. Cell. 2011;144(6):897–909. https://doi.org/10.1016/j.

cell.2011.01.029 PMID: 21414482

	 2.	 Doktorova M, Symons JL, Levental I. Structural and functional consequences of reversible lipid asymmetry in living membranes. Nat Chem Biol. 
2020;16(12):1321–30. [cited 2020/11/16]. https://doi.org/10.1038/s41589-020-00688-0 PMID: 33199908; PMCID: PMC7747298

	 3.	 Shin H-W, Takatsu H. Phosphatidylserine exposure in living cells. Crit Rev Biochem Mol Biol. 2020;55(2):166–78. [cited2020/05/14]. https://doi.org/
10.1080/10409238.2020.1758624 PMID: 32408772

	 4.	 Morizono K, Xie Y, Olafsen T, Lee B, Dasgupta A, Wu AM, et al. The soluble serum protein Gas6 bridges virion envelope phosphatidylserine to the 
TAM receptor tyrosine kinase Axl to mediate viral entry. Cell Host Microbe. 2011;9(4):286–98. https://doi.org/10.1016/j.chom.2011.03.012 PMID: 
21501828; PMCID: PMC3095825

	 5.	 Amara A, Mercer J. Viral apoptotic mimicry. Nat Rev Microbiol. 2015;13(8):461–9. [cited 2015/06/08]. https://doi.org/10.1038/nrmicro3469 PMID: 
26052667; PMCID: PMC7097103

	 6.	 Mercer J, Helenius A. Vaccinia virus uses macropinocytosis and apoptotic mimicry to enter host cells. Science. 2008;320(5875):531–5. https://doi.
org/10.1126/science.1155164 PMID: 18436786

	 7.	 Glass RI, Parashar UD, Estes MK. Norovirus gastroenteritis. N Engl J Med. 2009;361(18):1776–85. https://doi.org/10.1056/NEJMra0804575 PMID: 
19864676; PMCID: PMC3880795

	 8.	 Payne DC, Vinjé J, Szilagyi PG, Edwards KM, Staat MA, Weinberg GA, et al. Norovirus and medically attended gastroenteritis in U.S. children. N 
Engl J Med. 2013;368(12):1121–30. https://doi.org/10.1056/NEJMsa1206589 PMID: 23514289; PMCID: PMC4618551

	 9.	 Saito M, Goel-Apaza S, Espetia S, Velasquez D, Cabrera L, Loli S, et al. Multiple norovirus infections in a birth cohort in a Peruvian Periurban 
community. Clin Infect Dis. 2014;58(4):483–91. [cited 2013/12/02]. https://doi.org/10.1093/cid/cit763 PMID: 24300042; PMCID: PMC3905757

	10.	 Teunis PF, Sukhrie FH, Vennema H, Bogerman J, Beersma MF, Koopmans MP. Shedding of norovirus in symptomatic and asymptomatic infec-
tions. Epidemiol Infect. 2015;143(8):1710–7. https://doi.org/10.1017/S095026881400274X PMID: 25336060; PMCID: PMC9507237.

	11.	 Milbrath MO, Spicknall IH, Zelner JL, Moe CL, Eisenberg JNS. Heterogeneity in norovirus shedding duration affects community risk. Epidemiol 
Infect. 2013;141(8):1572–84. https://doi.org/10.1017/S0950268813000496 PMID: 23507473; PMCID: PMC9155277

	12.	 Thackray LB, Wobus CE, Chachu KA, Liu B, Alegre ER, Henderson KS, et al. Murine noroviruses comprising a single genogroup exhibit biological 
diversity despite limited sequence divergence. J Virol. 2007;81(19):10460–73. https://doi.org/10.1128/JVI.00783-07 PMID: 17652401

	13.	 Wobus CE, Karst SM, Thackray LB, Chang K-O, Sosnovtsev SV, Belliot G, et al. Replication of Norovirus in cell culture reveals a tropism for den-
dritic cells and macrophages. PLoS Biol. 2004;2(12):e432. https://doi.org/10.1371/journal.pbio.0020432 PMID: 15562321

	14.	 Karst SM, Wobus CE, Lay M, Davidson J, Virgin HW. STAT1-dependent innate immunity to a Norwalk-like virus. Science. 2003;299(5612):1575–8. 
https://doi.org/10.1126/science.1077905 PMID: 12624267

	15.	 Orchard RC, Wilen CB, Doench JG, Baldridge MT, McCune BT, Lee Y-CJ, et al. Discovery of a proteinaceous cellular receptor for a norovirus. 
Science. 2016;353(6302):933–6. https://doi.org/10.1126/science.aaf1220 PMID: 27540007

	16.	 Haga K, Fujimoto A, Takai-Todaka R, Miki M, Doan YH, Murakami K, et al. Functional receptor molecules CD300lf and CD300ld within the CD300 
family enable murine noroviruses to infect cells. Proc Natl Acad Sci U S A. 2016;113(41):E6248–55. https://doi.org/10.1073/pnas.1605575113 
PMID: 27681626

	17.	 Hosmillo M, Lu J, McAllaster MR, Eaglesham JB, Wang X, Emmott E, et al. Noroviruses subvert the core stress granule component G3BP1 to 
promote viral VPg-dependent translation. Elife. 2019;8:e46681. https://doi.org/10.7554/eLife.46681 PMID: 31403400; PMCID: PMC6739877

	18.	 Li J, Zhao Y, Wang N. Physiological and pathological functions of TMEM30A: an essential subunit of P4-ATPase phospholipid flippases. J Lipids. 
2023;2023:4625567. https://doi.org/10.1155/2023/4625567 PMID: 37200892; PMCID: PMC10188266

	19.	 Coleman JA, Molday RS. Critical role of the beta-subunit CDC50A in the stable expression, assembly, subcellular localization, and lipid transport 
activity of the P4-ATPase ATP8A2. J Biol Chem. 2011;286(19):17205–16. https://doi.org/10.1074/jbc.M111.229419 PMID: 21454556; PMCID: 
PMC3089563

	20.	 Segawa K, Kurata S, Yanagihashi Y, Brummelkamp TR, Matsuda F, Nagata S. Caspase-mediated cleavage of phospholipid flippase for apoptotic 
phosphatidylserine exposure. Science. 2014;344(6188):1164–8. [cited 2014/06/07]. https://doi.org/10.1126/science.1252809 PMID: 24904167

	21.	 Machaidze G, Ziegler A, Seelig J. Specific binding of Ro 09-0198 (cinnamycin) to phosphatidylethanolamine: a thermodynamic analysis. Biochem-
istry. 2002;41(6):1965–71. https://doi.org/10.1021/bi015841c PMID: 11827543

	22.	 Acciani MD, Brindley MA. Scrambled or flipped: 5 facts about how cellular phosphatidylserine localization can mediate viral replication. PLoS Pat-
hog. 2022;18(3):e1010352. [cited 2022/03/04]. https://doi.org/10.1371/journal.ppat.1010352 PMID: 35245334; PMCID: PMC8896693.

	23.	 Jemielity S, Wang JJ, Chan YK, Ahmed AA, Li W, Monahan S, et al. TIM-family proteins promote infection of multiple enveloped viruses through 
virion-associated phosphatidylserine. PLoS Pathog. 2013;9(3):e1003232. [cited 2013/03/28]. https://doi.org/10.1371/journal.ppat.1003232 PMID: 
23555248; PMCID: PMCPMC3610696

	24.	 Grau KR, Roth AN, Zhu S, Hernandez A, Colliou N, DiVita BB, et al. The major targets of acute norovirus infection are immune cells in the gut-
associated lymphoid tissue. Nat Microbiol. 2017;2(12):1586–91. [cited 2017/11/06]. https://doi.org/10.1038/s41564-017-0057-7 PMID: 29109476

	25.	 Wilen CB, Lee S, Hsieh LL, Orchard RC, Desai C, Hykes BL, et al. Tropism for tuft cells determines immune promotion of norovirus pathogenesis. 
Science. 2018;360(6385):204–8. https://doi.org/10.1126/science.aar3799 PMID: 29650672

https://doi.org/10.1016/j.cell.2011.01.029
https://doi.org/10.1016/j.cell.2011.01.029
http://www.ncbi.nlm.nih.gov/pubmed/21414482
https://doi.org/10.1038/s41589-020-00688-0
http://www.ncbi.nlm.nih.gov/pubmed/33199908
https://doi.org/10.1080/10409238.2020.1758624
https://doi.org/10.1080/10409238.2020.1758624
http://www.ncbi.nlm.nih.gov/pubmed/32408772
https://doi.org/10.1016/j.chom.2011.03.012
http://www.ncbi.nlm.nih.gov/pubmed/21501828
https://doi.org/10.1038/nrmicro3469
http://www.ncbi.nlm.nih.gov/pubmed/26052667
https://doi.org/10.1126/science.1155164
https://doi.org/10.1126/science.1155164
http://www.ncbi.nlm.nih.gov/pubmed/18436786
https://doi.org/10.1056/NEJMra0804575
http://www.ncbi.nlm.nih.gov/pubmed/19864676
https://doi.org/10.1056/NEJMsa1206589
http://www.ncbi.nlm.nih.gov/pubmed/23514289
https://doi.org/10.1093/cid/cit763
http://www.ncbi.nlm.nih.gov/pubmed/24300042
https://doi.org/10.1017/S095026881400274X
http://www.ncbi.nlm.nih.gov/pubmed/25336060
https://doi.org/10.1017/S0950268813000496
http://www.ncbi.nlm.nih.gov/pubmed/23507473
https://doi.org/10.1128/JVI.00783-07
http://www.ncbi.nlm.nih.gov/pubmed/17652401
https://doi.org/10.1371/journal.pbio.0020432
http://www.ncbi.nlm.nih.gov/pubmed/15562321
https://doi.org/10.1126/science.1077905
http://www.ncbi.nlm.nih.gov/pubmed/12624267
https://doi.org/10.1126/science.aaf1220
http://www.ncbi.nlm.nih.gov/pubmed/27540007
https://doi.org/10.1073/pnas.1605575113
http://www.ncbi.nlm.nih.gov/pubmed/27681626
https://doi.org/10.7554/eLife.46681
http://www.ncbi.nlm.nih.gov/pubmed/31403400
https://doi.org/10.1155/2023/4625567
http://www.ncbi.nlm.nih.gov/pubmed/37200892
https://doi.org/10.1074/jbc.M111.229419
http://www.ncbi.nlm.nih.gov/pubmed/21454556
https://doi.org/10.1126/science.1252809
http://www.ncbi.nlm.nih.gov/pubmed/24904167
https://doi.org/10.1021/bi015841c
http://www.ncbi.nlm.nih.gov/pubmed/11827543
https://doi.org/10.1371/journal.ppat.1010352
http://www.ncbi.nlm.nih.gov/pubmed/35245334
https://doi.org/10.1371/journal.ppat.1003232
http://www.ncbi.nlm.nih.gov/pubmed/23555248
https://doi.org/10.1038/s41564-017-0057-7
http://www.ncbi.nlm.nih.gov/pubmed/29109476
https://doi.org/10.1126/science.aar3799
http://www.ncbi.nlm.nih.gov/pubmed/29650672


PLOS Biology | https://doi.org/10.1371/journal.pbio.3003147  April 17, 2025 13 / 13

	26.	 Graziano VR, Walker FC, Kennedy EA, Wei J, Ettayebi K, Strine MS, et al. CD300lf is the primary physiologic receptor of murine norovirus but not 
human norovirus. PLoS Pathog. 2020;16(4):e1008242. [cited 2020/04/06]. https://doi.org/10.1371/journal.ppat.1008242 PMID: 32251490; PMCID: 
PMC7162533

	27.	 Graziano VR, Alfajaro MM, Schmitz CO, Filler RB, Strine MS, Wei J, et al. CD300lf conditional knockout mouse reveals strain-specific cellular 
tropism of murine norovirus. J Virol. 2021;95(3). [cited 2021/01/13]. https://doi.org/10.1128/JVI.01652-20 PMID: 33177207; PMCID: PMC7925115.

	28.	 Zhang L, Yang Y, Li S, Zhang S, Zhu X, Tai Z, et al. Loss of Tmem30a leads to photoreceptor degeneration. Sci Rep. 2017;7(1):9296. https://doi.
org/10.1038/s41598-017-09506-5 PMID: 28839191; PMCID: PMC5571223

	29.	 Strine MS, Alfajaro MM, Graziano VR, Song J, Hsieh LL, Hill R, et al. Tuft-cell-intrinsic and -extrinsic mediators of norovirus tropism regulate viral 
immunity. Cell Rep. 2022;41(6):111593. https://doi.org/10.1016/j.celrep.2022.111593 PMID: 36351394; PMCID: PMC9662704

	30.	 Holthuis JC, Menon AK. Lipid landscapes and pipelines in membrane homeostasis. Nature. 2014;510(7503):48–57. https://doi.org/10.1038/
nature13474 PMID: 24899304.

	31.	 Ludwig-Begall LF, Mauroy A, Thiry E. Noroviruses-the state of the art, nearly fifty years after their initial discovery. Viruses. 2021;13(8):1541. https://
doi.org/10.3390/v13081541 PMID: 34452406; PMCID: PMC8402810

	32.	 Nelson CA, Wilen CB, Dai Y-N, Orchard RC, Kim AS, Stegeman RA, et al. Structural basis for murine norovirus engagement of bile acids and the 
CD300lf receptor. Proc Natl Acad Sci U S A. 2018;115(39):E9201–10. https://doi.org/10.1073/pnas.1805797115 PMID: 30194229

	33.	 Murakami K, Tenge VR, Karandikar UC, Lin SC, Ramani S, Ettayebi K, et al. Bile acids and ceramide overcome the entry restriction for GII.3 
human norovirus replication in human intestinal enteroids. Proc Natl Acad Sci U S A. 2020;117(3):1700–10. [cited 2020/01/04]. https://doi.
org/10.1073/pnas.1910138117 PMID: 31896578; PMCID: PMC6983410.

	34.	 Orchard RC, Wilen CB, Virgin HW. Sphingolipid biosynthesis induces a conformational change in the murine norovirus receptor and facilitates viral 
infection. Nat Microbiol. 2018;3:1109–14. https://doi.org/10.1038/s41564-018-0221-8 PMID: 30127493

	35.	 Olson MC, Orchard RC. Development of a replication competent murine norovirus reporter system. bioRxiv. 2025:2025.01.15.633260. https://doi.
org/10.1101/2025.01.15.633260 PMID: 39868277

	36.	 Segawa K, Kurata S, Nagata S. The CDC50A extracellular domain is required for forming a functional complex with and chaperoning phospho-
lipid flippases to the plasma membrane. J Biol Chem. 2018;293(6):2172–82. https://doi.org/10.1074/jbc.RA117.000289 PMID: 29276178; PMCID: 
PMC5808776

	37.	 Lorent JH, Levental KR, Ganesan L, Rivera-Longsworth G, Sezgin E, Doktorova M, et al. Plasma membranes are asymmetric in lipid unsatu-
ration, packing and protein shape. Nat Chem Biol. 2020;16(6):644–52. https://doi.org/10.1038/s41589-020-0529-6 PMID: 32367017 PMCID: 
PMC7246138

	38.	 Kucherak OA, Oncul S, Darwich Z, Yushchenko DA, Arntz Y, Didier P, et al. Switchable nile red-based probe for cholesterol and lipid order at the 
outer leaflet of biomembranes. J Am Chem Soc. 2010;132(13):4907–16. https://doi.org/10.1021/ja100351w PMID: 20225874

	39.	 Ayyar BV, Ettayebi K, Salmen W, Karandikar UC, Neill FH, Tenge VR, et al. CLIC and membrane wound repair pathways enable pandemic norovi-
rus entry and infection. Nat Commun. 2023;14(1):1148. https://doi.org/10.1038/s41467-023-36398-z PMID: 36854760; PMCID: PMC9974061

	40.	 Lee S, Liu H, Wilen CB, Sychev ZE, Desai C, Hykes BL Jr, et al. A secreted viral nonstructural protein determines intestinal norovirus pathogene-
sis. Cell Host Microbe. 2019;25(6):845–857. https://doi.org/10.1016/j.chom.2019.04.005 PMID: 31130511;

	41.	 Clark SR, Thomas CP, Hammond VJ, Aldrovandi M, Wilkinson GW, Hart KW, et al. Characterization of platelet aminophospholipid externalization 
reveals fatty acids as molecular determinants that regulate coagulation. Proc Natl Acad Sci U S A. 2013;110(15):5875–80. [cited 2013/03/25]. 
https://doi.org/10.1073/pnas.1222419110 PMID: 23530199; PMCID: PMC3625294

	42.	 Nagata S, Segawa K. Sensing and clearance of apoptotic cells. Curr Opin Immunol. 2021;68:1–8. [cited 2020/08/24]. https://doi.org/10.1016/j.
coi.2020.07.007 PMID: 32853880

	43.	 Richard AS, Zhang A, Park S-J, Farzan M, Zong M, Choe H. Virion-associated phosphatidylethanolamine promotes TIM1-mediated infection 
by Ebola, dengue, and West Nile viruses. Proc Natl Acad Sci U S A. 2015;112(47):14682–7. https://doi.org/10.1073/pnas.1508095112 PMID: 
26575624; PMCID: PMC4664333

	44.	 Tavoosi N, Davis-Harrison RL, Pogorelov TV, Ohkubo YZ, Arcario MJ, Clay MC, et al. Molecular determinants of phospholipid synergy in blood clot-
ting. J Biol Chem. 2011;286(26):23247–53. [cited 2011/05/11]. https://doi.org/10.1074/jbc.M111.251769 PMID: 21561861; PMCID: PMC3123091

	45.	 Mills JT, Minogue SC, Snowden JS, Arden WKC, Rowlands DJ, Stonehouse NJ, et al. Amino acid substitutions in norovirus VP1 dictate host 
dissemination via variations in cellular attachment. J Virol. 2023;97(12):e0171923. [cited 2023/11/30]. https://doi.org/10.1128/jvi.01719-23 PMID: 
38032199; PMCID: PMC10734460

	46.	 Koehler M, Delguste M, Sieben C, Gillet L, Alsteens D. Initial step of virus entry: virion binding to cell-surface glycans. Annu Rev Virol. 
2020;7(1):143–65. https://doi.org/10.1146/annurev-virology-122019-070025 PMID: 32396772

	47.	 Heaton NS, Randall G. Multifaceted roles for lipids in viral infection. Trends Microbiol. 2011;19(7):368–75. https://doi.org/10.1016/j.tim.2011.03.007 
PMID: 21530270; PMCID: PMC3130080

	48.	 Pabst G, Keller S. Exploring membrane asymmetry and its effects on membrane proteins. Trends Biochem Sci. 2024;49(4):333–45. https://doi.
org/10.1016/j.tibs.2024.01.007 PMID: 38355393

	49.	 Blasi E, Barluzzi R, Bocchini V, Mazzolla R, Bistoni F. Immortalization of murine microglial cells by a v-raf/v-myc carrying retrovirus. J Neuroimmu-
nol. 1990;27(2-3):229–37. https://doi.org/10.1016/0165-5728(90)90073-v PMID: 2110186.

https://doi.org/10.1371/journal.ppat.1008242
http://www.ncbi.nlm.nih.gov/pubmed/32251490
https://doi.org/10.1128/JVI.01652-20
http://www.ncbi.nlm.nih.gov/pubmed/33177207
https://doi.org/10.1038/s41598-017-09506-5
https://doi.org/10.1038/s41598-017-09506-5
http://www.ncbi.nlm.nih.gov/pubmed/28839191
https://doi.org/10.1016/j.celrep.2022.111593
http://www.ncbi.nlm.nih.gov/pubmed/36351394
https://doi.org/10.1038/nature13474
https://doi.org/10.1038/nature13474
http://www.ncbi.nlm.nih.gov/pubmed/24899304
https://doi.org/10.3390/v13081541
https://doi.org/10.3390/v13081541
http://www.ncbi.nlm.nih.gov/pubmed/34452406
https://doi.org/10.1073/pnas.1805797115
http://www.ncbi.nlm.nih.gov/pubmed/30194229
https://doi.org/10.1073/pnas.1910138117
https://doi.org/10.1073/pnas.1910138117
http://www.ncbi.nlm.nih.gov/pubmed/31896578
https://doi.org/10.1038/s41564-018-0221-8
http://www.ncbi.nlm.nih.gov/pubmed/30127493
https://doi.org/10.1101/2025.01.15.633260
https://doi.org/10.1101/2025.01.15.633260
http://www.ncbi.nlm.nih.gov/pubmed/39868277
https://doi.org/10.1074/jbc.RA117.000289
http://www.ncbi.nlm.nih.gov/pubmed/29276178
https://doi.org/10.1038/s41589-020-0529-6
http://www.ncbi.nlm.nih.gov/pubmed/32367017
https://doi.org/10.1021/ja100351w
http://www.ncbi.nlm.nih.gov/pubmed/20225874
https://doi.org/10.1038/s41467-023-36398-z
http://www.ncbi.nlm.nih.gov/pubmed/36854760
https://doi.org/10.1016/j.chom.2019.04.005
http://www.ncbi.nlm.nih.gov/pubmed/31130511
https://doi.org/10.1073/pnas.1222419110
http://www.ncbi.nlm.nih.gov/pubmed/23530199
https://doi.org/10.1016/j.coi.2020.07.007
https://doi.org/10.1016/j.coi.2020.07.007
http://www.ncbi.nlm.nih.gov/pubmed/32853880
https://doi.org/10.1073/pnas.1508095112
http://www.ncbi.nlm.nih.gov/pubmed/26575624
https://doi.org/10.1074/jbc.M111.251769
http://www.ncbi.nlm.nih.gov/pubmed/21561861
https://doi.org/10.1128/jvi.01719-23
http://www.ncbi.nlm.nih.gov/pubmed/38032199
https://doi.org/10.1146/annurev-virology-122019-070025
http://www.ncbi.nlm.nih.gov/pubmed/32396772
https://doi.org/10.1016/j.tim.2011.03.007
http://www.ncbi.nlm.nih.gov/pubmed/21530270
https://doi.org/10.1016/j.tibs.2024.01.007
https://doi.org/10.1016/j.tibs.2024.01.007
http://www.ncbi.nlm.nih.gov/pubmed/38355393
https://doi.org/10.1016/0165-5728(90)90073-v
http://www.ncbi.nlm.nih.gov/pubmed/2110186

