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Introduction

Host cell lipids are intimately involved in virus replication. Enveloped viruses are enshrouded
in lipids from host cell membranes, shielding particles from the immune system and extracel-
lular environment. Viruses can up-regulate cell lipid synthases to stimulate lipid production or
recruit synthases to sites of viral replication. Furthermore, some viruses can induce autophagy
to free stored lipids and optimize replication. Viruses can also remodel the composition of cell
membranes, altering the concentration or localization of components such as sterols, sphingo-
lipids, and phospholipids [1]. Here, we discuss virus-directed localization of phosphatidylser-
ine (PtdSer), through host flippases and scramblases.

PtdSer is an essential anionic phospholipid nonuniformly distributed throughout the cell.
PtdSer synthases located in the mitochondria-associated membranes of the endoplasmic reticu-
lum (ER) produce PtdSer, which is then transported primarily to the plasma membrane via vesic-
ular trafficking. PtdSer distribution in the plasma membrane is asymmetric, as it is strictly found
in the inner/cytoplasmic leaflet. While PtdSer makes up about 15 mol% of the total lipid in the
plasma membrane, it accounts for about 30 mol% of the inner leaflet. Due to its negative charge,
the concentration of inner leaflet PtdSer can impact the localization of plasma membrane-associ-
ating proteins, including those required for endocytosis, and is important for promoting mem-
brane curvature [2]. Cellular enzymes termed flippases maintain the asymmetric distribution of
PtdSer (Fig 1A). Plasma membrane flippase complexes include a Type 4 P-Type ATPase
(P4-ATPase) family member, which binds and flips the phospholipids, and a cell division cycle
protein 50 (CDC50) family member that facilitates folding and localization of the complex [2,3].

Cells expose PtdSer during specific cell signaling events; platelet PtdSer exposure regulates
blood coagulation, and apoptotic cell PtdSer exposure marks the cell for phagocytic uptake
and clearance. Trans-bilayer movement of PtdSer, however, requires overcoming a high-
energy barrier, with spontaneous translocation occurring at a very low rate [4]. To induce
rapid PtdSer exposure, cells must inactivate flippases and activate scramblases to overcome the
unfavorable action of translocating the polar head-groups across the hydrophobic bilayer (Fig
1B and 1C). Scramblases facilitate the trans-bilayer movement of phospholipids, enabling
PtdSer exposure to occur rapidly [5]. Several plasma membrane-localized scramblase families
have been identified. The transmembrane protein 16 (TMEM16) family includes calcium-
dependent scramblases that facilitate temporary PtdSer exposure in response to an increase in
intracellular calcium (Fig 1C) [6]. The XK-related (XKR) protein family includes scramblases
activated by caspase cleavage. XKR3, the most well-characterized member, facilitates the
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Fig 1. PtdSer flipping and scrambling in the plasma membrane. PtdSer is shown in orange, and all other phospholipid species are shown in gray. (A) In
normal state cells, constitutively active flippase complexes transport outer leaflet PtdSer to the inner leaflet, resulting in highly asymmetric PtdSer distribution.
(B, C) Flippase inactivation paired with scramblase activation results in high levels of exposed PtdSer on cell surfaces. (B) When cells undergo apoptosis,
executioner caspases inactivate flippases and activate scramblase XKR8, which nonspecifically shuffles phospholipids between leaflets. (C) During calcium
signaling, flippases are inactivated or down-regulated on the cell surface (mechanism is poorly characterized), while scramblase TMEM16F is activated by
direct calcium binding. Like XKR8, TMEM16F nonspecifically shuffles phospholipids between leaflets. Created in BioRender.com. PtdSer, phosphatidylserine;
TMEMIG6F, transmembrane protein 16F; XKR, XK related.
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nonreversible exposure of PtdSer after apoptosis induction (Fig 1B) [7]. Inside the cell, trans-
membrane protein 41B (TMEM41B) and vacuole membrane protein 1 (VMP1) were recently
identified as an ER-localized scramblase that help distribute PtdSer in the ER membrane [8-
10]. When incorporated into liposomes, these scramblases can shuffle phospholipids in an
ATP- and calcium- independent manner.

In this review, we will briefly summarize how viruses utilize PtdSer-regulating enzymes during
their replication cycle. While the majority of these studies investigated virus-induced PtdSer
scrambling, we will also discuss several instances where flippases were linked to virus replication.

Entry through apoptotic mimicry

Numerous enveloped viruses including dengue virus [11,12], Ebola virus (EBOV) [11,13-18],
chikungunya virus [11,13,19], vaccinia virus [20-22], and others [11,13,19,23-33] utilize
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PtdSer receptors for initial host cell attachment, a mechanism termed apoptotic mimicry (Fig
2A). PtdSer within the outer leaflet of the viral envelope mediates binding to PtdSer receptors
on phagocytic cells that typically recognize PtdSer-coated apoptotic bodies. Even the infectivi-
ties of nonenveloped enteroviruses and Hepatitis A virus are enhanced through PtdSer recep-
tors because naked particles and RNA can be delivered into cells as cargo in PtdSer-rich
exosomes [27,28]. Host cells produce many receptors that bind to PtdSer including T-cell
immunoglobulin and mucin domain (TIM) proteins, Tyro3, Axl, and Mer (TAM), CD300
receptors, scavenger receptors, and integrins, which can be used by viruses with some redun-
dancy [18,34]. PtdSer receptor utilization and virus entry have recently been reviewed [35].

Viral envelope PtdSer is acquired during budding from either PtdSer-rich inner mem-
branes or the plasma membrane. For viruses that bud from the plasma membrane, they must
first alter the asymmetric PtdSer distribution to later engage PtdSer receptors. Many viruses
induce apoptosis, thereby inactivating flippases and activating scramblases, increasing PtdSer
on the plasma membrane and viral envelope. Some viruses also modulate cellular calcium sig-
naling pathways to increase cytosolic calcium levels, which would trigger calcium-activated
scramblases [36]. Studies examining EBOV PtdSer levels have implicated both apoptotic
scramblase XKR8 [37,38] and calcium-activated scramblase TMEM16F [39] in EBOV enve-
lope PtdSer and infectivity.

Scramblase TMEM16F and fusion

Enveloped viruses must mediate fusion of viral and cellular membranes to initiate replication,
and exposed PtdSer plays a role in this process (Fig 2B). Ptdser scrambling can alter the fuso-
genic properties of lipid bilayers either directly, as scrambled PtdSer can promote the forma-
tion of fusion intermediates, or indirectly by recruiting fusion machinery or restructuring
fusion proteins [40].

Several studies suggest that PtdSer scrambling enhances viral fusion at the plasma mem-
brane. For alphaherpesviruses equine herpesvirus 1 (EHV-1) and herpes simplex viruses 1 and
2 (HSV-1 and HSV-2), virus cell surface binding induced calcium signaling and PtdSer expo-
sure, which enhanced viral fusion and entry [41,42]. Human immunodeficiency virus (HIV)
and Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), which can also fuse at
the plasma membrane, activate TMEM16F scrambling during the fusion process [43-45].
TMEMIG6F is localized in the plasma membrane and is activated during periods of high intra-
cellular calcium [6]. Loss of TMEM16F at the plasma membrane, or functional inhibition of
TMEMIG6F activity with small molecules, results in failure to produce fusion pores and there-
fore inhibits infection and/or syncytia formation [43,44].

Scramblases TMEM41B and VMP1 in (+)RNA viral replication

During replication, positive-sense (+)RNA viruses remodel internal cellular membranes to
form replication complexes (RCs), which is thought to improve replication efficiency and
shield these sites from host antiviral defenses [46]. Recent evidence suggests that PtdSer scram-
blases are important for (+)RNA virus replication, likely due to their impact on RC formation
(Fig 2C). Independent genome-wide screens for viral host factors identified ER scramblase
TMEM41B as an essential component in flavivirus and coronavirus replication [47-51]. Cells
deficient in TMEMA41B failed to form flavivirus RC, while other viruses that do not replicate in
ER RCs were unaffected [50]. Eliminating TMEM41B in mice also significantly delayed
murine coronavirus disease progression in vivo [51]. ER scramblase VMP1, which shares a
number of functional and structural similarities with TMEM41B [52], also appeared in 2 of
these viral host factor screens [47,50]. Cells lacking VMP1 were significantly resistant to
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Fig 2. PtdSer scrambling and virus replication. PtdSer is shown in orange and all other phospholipid species are shown in gray. (A) Apoptotic mimicry.
Enveloped viruses containing exposed PtdSer can enter cells by attaching to cell surface apoptotic clearance receptors like TIMs, TAMs, CD300 receptors,
scavenger receptors, and integrins, which typically bind and internalize PtdSer-coated apoptotic debris. (B) Enveloped viruses that fuse at the plasma
membrane, including HIV, EHV-1, and SARS-CoV-2, trigger calcium-induced PtdSer scrambling upon cell surface binding, which enhances envelope-
membrane fusion. TMEM16F was specifically shown to mediate this process for HIV and SARS-CoV-2. (C) (+) RNA viruses such as flaviviruses and
coronaviruses rely on PtdSer scramblase TMEM41B for the formation of membranous ER RC, which are the primary sites of genome replication. (D) PtdSer
scrambling mediated by caspase-cleaved XKR8 was shown to enhance VSV and EBOV budding. It was also shown that XKR8 is incorporated into EBOV-like
particle envelopes. Created in BioRender.com. EBOV, Ebola virus; EHV-1, equine herpesvirus 1; ER, endoplasmic reticulum; HIV, human immunodeficiency
virus; PtdSer, phosphatidylserine; RC, replication complex; SARS-CoV-2, Severe Acute Respiratory Syndrome Coronavirus 2; TAM, Tyro3, Axl, and Mer;
TIM, T-cell immunoglobulin and mucin domain; TMEM16F, transmembrane protein 16F; TMEM41B, transmembrane protein 41B; VMP1, vacuole
membrane protein 1; VSV, vesicular stomatitis virus; XKR, XK related.

https://doi.org/10.1371/journal.ppat.1010352.9002
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flavivirus infection [50] and somewhat resistant to coronavirus infection [47,51]; however, in-
depth mechanistic studies on how VMP1I interferes with virus replication were not performed.
Likely, the loss of trans-bilayer phospholipid movement in the ER, combined with altered lipid
mobilization and cholesterol distribution observed in TMEM41B and VMP1 knockout cells
[9,49,50], prevents ER membrane rearrangements that enable robust genome replication of
(+)RNA viruses that replicate in this compartment.

Scramblase XKRS8 and viral budding

While investigating the role of scramblase XKR8 in EBOV entry through apoptotic mimicry,
our group observed that XKR8-knockout human haploid HAP1 cells consistently released
fewer recombinant vesicular stomatitis virus particles and EBOV virus-like particles (VLPs)
[38]. VLP release was restored by transfecting XKR8-knockout HAP1 cells with exogenous
XKR8. Our data further indicated that during VLP production, caspase-activated XKR8
scrambles PtdSer in the plasma membrane, resulting in enhanced particle release (Fig 2D).
Because PtdSer can induce membrane curvature, it is likely that PtdSer scrambling in the
plasma membrane promotes the egress of enveloped viruses. Curiously, EBOV matrix protein
VP40 must first bind to inner leaflet PtdSer during particle assembly, followed by PtdSer expo-
sure [53]. Thus, it will be interesting to examine the exact stimuli leading to scramblase activa-
tion and how this timing is achieved to enhance particle budding. Previous work by Nanbo
and colleagues did not describe altered VLP production in XKR8 knockdown HEK293T cells,
suggesting that either (1) minimal levels of XKR8 can support VLP budding and/or (2) XKR8
enhances VLP budding in a cell type-dependent manner [37]. These possibilities must also be
explored to fully characterize the role of Ptdser scrambling in enveloped virus budding.

The curious case of flippases

Few studies have investigated the relationship between viruses and flippases; however, flippase
subunit CDC50a has appeared in several viral host factor screens, indicating that this protein
may be involved in virus entry or replication. CRISPR screens for Lujo virus and SARS-CoV-2
host cell factors identified CDC50a in HAP1 cells and Huh?7 cells, respectively [48,54]. Deleting
this protein in either cell type reduced cell susceptibility to virus. In determining the human-
Nipah virus protein—protein interactome, CDC50a was found to interact with the antiviral
Nipah virus C protein (an innate immunity antagonist) [55]. While none of these studies pur-
sued investigations into CDC504a, this subunit may broadly affect virus replication.

Meanwhile, a study in Arabidopsis thaliana antiviral defense found that flippases were
required for cucumber mosaic virus (CMV) resistance [56]. They found that deleting either
ALA-1 or ALA-2, both P4-ATPases, increased viral load in leaves and reduced the production
of antiviral and endogenous virus-activated siRNAs. The exact mechanism by which flippases
support siRNA production in A. thaliana, however, remains a mystery.

Future directions

Viruses induce an extraordinary number of changes in the host cell to transform it into an
optimal virus factory. As we continue to examine the relationship between viruses and cellular
lipids in particular, many questions remain.

Several of the studies addressed in this review indicate there may be a pattern between
PtdSer-distributing enzymes and distinct aspects of viral replication, i.e., TMEM16F scram-
bling and enveloped virus plasma membrane fusion, XKR8 scrambling and enveloped virus
plasma membrane budding, and TMEM41B/VMP1 scrambling and viruses that replicate in
ER RCs. Thus, future studies involving these host cell factors should include viruses from
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additional families sharing similar replication strategies. For example, TMEM41B may also
play a role in enterovirus replication in the ER. Togaviruses or nodaviruses, which replicate on
endosomal and mitochondrial membranes, may employ flippases or scramblases to reorganize
membrane phospholipids and form RCs [46]. Depending on how broadly essential these host
factors are to virus replication, they may make promising targets for antivirals.

Flippases and scramblases may also indirectly affect viral host-protein recruitment, as
enriched anionic PtdSer in membrane leaflets can promote the localization of charged-based
proteins. For example, cationic stretches in protein kinase src and RasGTPase family members
target these proteins to the inner leaflet of the PM in steady-state cells. PtdSer is also critical for
cavinl-plasma membrane binding and caveolae formation in mammalian cells and cell divi-
sion cycle protein 42 (CDC42) localization and budding in yeast [2]. Therefore, it would likely
be fruitful to investigate the relationship between PtdSer localization and viral host factor
recruitment particularly during the replication stages that occur at the plasma membrane.

Targeting scramblases and flippases to limit viral replication in a host may not be viable;
these enzymes and the processes they mediate are highly conserved in eukaryotes and are
often essential. While many groups cited in this review established viable scramblase and flip-
pase knockout cell lines, defects in several of these proteins have been linked to diseases or dis-
orders in mammals [8,51,57-64]. In the quest for new and broadly inhibiting antivirals, some
have opted to target PtdSer enriched on viral envelopes rather than interfere with essential
PtdSer scramblases. Treatments of PtdSer-binding antibodies PGN401 (Bavituximab) or
PGN632 were well tolerated in guinea pigs and protected 50% of animals from fatal Pichinde
virus disease (similar to Lassa virus fever in humans) alone [65] or combined with ribavirin
[66]. Furthermore, PGN401 treatment protected 100% of mice from fatal murine cytomegalo-
virus (CMV) infection, demonstrating the broad application of the approach. These groups
proposed that PGN401/PGN632 cause opsonization and clearance of viral particles from the
blood and induce antibody-dependent cellular cytotoxity of virus-infected cells. Notably, the
first group to examine a PtdSer-binding antibody as an antiviral based their rationale on the
observations that many viruses activate PtdSer scrambling in host cells, exemplifying how elu-
cidating the relationship between virus replication and cellular PtdSer distribution can reveal
new avenues of antiviral development [65].

Furthermore, several studies reviewed here illuminate potential new tools that may be use-
ful for improving upon current and future vaccines. The groups investigating EBOV apoptotic
mimicry manipulated (specifically reduced) viral envelope PtdSer distribution and infectivity
in vitro by inhibiting cellular XKR8 or TMEM16F PtdSer scrambling activity [37-39]. Bio-
chemical studies also show that basal and apoptotic surface PtdSer levels can be elevated by
overexpressing TMEMI16F and XKR8 [67-69]. Therefore, it may be possible to fine-tune
virus- or VLP-based vaccines by enriching or depleting exposed PtdSer. It would be interesting
to examine whether vaccine PtdSer levels influence the activation of cell-mediated versus
humoral immune responses, as elevated PtdSer levels may enhance vaccine uptake into anti-
gen-presenting cells, while low PtdSer levels may promote vaccine circulation and recognition
by B cells. An additional question in such experiments would be whether altering vaccine
PtdSer levels impacts immunogenicity, as phagocytic uptake of PtdSer-coated bodies can
dampen inflammation [70].

Considering the few flippases and scramblases discussed above have only recently been
identified, there is much left to discover about the significance of these enzymes in virus repli-
cation and even cell biology in general. Their structures, functions, and upstream effectors are
not yet fully characterized but will likely be critical to fully understanding how viral infection
changes the lipid landscape in host cell membranes and may expose a wide array of novel tar-
gets for antivirals.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010352 March 4, 2022 6/10


https://doi.org/10.1371/journal.ppat.1010352

PLOS PATHOGENS

Acknowledgments

We would like to thank the UGA Virology Club for helpful comments on the manuscript.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Ketter E, Randall G. Virus Impact on Lipids and Membranes. Annu Rev Virol. 2019; 6(1):319-40. Epub
2019/10/01. https://doi.org/10.1146/annurev-virology-092818-015748 PMID: 31567065.

Kay JG, Fairn GD. Distribution, dynamics and functional roles of phosphatidylserine within the cell. Cell
Commun Signal. 2019; 17(1):126. Epub 2019/10/17. https://doi.org/10.1186/s12964-019-0438-z PMID:
31615534; PubMed Central PMCID: PMC6792266.

van Meer G, Voelker DR, Feigenson GW. Membrane lipids: where they are and how they behave. Nat
Rev Mol Cell Biol. 2008; 9(2):112—24. Epub 2008/01/25. https://doi.org/10.1038/nrm2330 PMID:
18216768; PubMed Central PMCID: PMC2642958.

Bai J, Pagano RE. Measurement of spontaneous transfer and transbilayer movement of BODIPY-
labeled lipids in lipid vesicles. Biochemistry. 1997; 36(29):8840-8. Epub 1997/07/22. https://doi.org/10.
1021/bi970145r PMID: 9220970

Pomorski TG, Menon AK. Lipid somersaults: Uncovering the mechanisms of protein-mediated lipid flip-
ping. Prog Lipid Res. 2016; 64:69—84. https://doi.org/10.1016/j.plipres.2016.08.003 PMID: 27528189;
PubMed Central PMCID: PMC5127727.

Kalienkova V, Clerico Mosina V, Paulino C. The Groovy TMEM16 Family: Molecular Mechanisms of
Lipid Scrambling and lon Conduction. J Mol Biol. 2021:166941. Epub 2021/03/21. https://doi.org/10.
1016/j.jmb.2021.166941 PMID: 33741412.

Nagata S, Segawa K. Sensing and clearance of apoptotic cells. Curr Opin Immunol. 2021; 68:1-8.
Epub 2020/08/28. https://doi.org/10.1016/j.c0i.2020.07.007 PMID: 32853880.

Huang D, Xu B, Liu L, Wu L, Zhu Y, Ghanbarpour A, et al. TMEM41B acts as an ER scramblase
required for lipoprotein biogenesis and lipid homeostasis. Cell Metab. 2021. Epub 2021/05/21. https://
doi.org/10.1016/j.cmet.2021.05.006 PMID: 34015269.

Li YE, Wang Y, Du X, Zhang T, Mak HY, Hancock SE, et al. TMEM41B and VMP1 are scramblases and
regulate the distribution of cholesterol and phosphatidylserine. J Cell Biol. 2021; 220(6). Epub 2021/05/
01. https://doi.org/10.1083/jcb.202103105 PMID: 33929485; PubMed Central PMCID: PMC8077175.

Ghanbarpour A, Valverde DP, Melia TJ, Reinisch KM. A model for a partnership of lipid transfer proteins
and scramblases in membrane expansion and organelle biogenesis. Proc Natl Acad Sci U S A. 2021;
118(16). Epub 2021/04/15. https://doi.org/10.1073/pnas.2101562118 PMID: 33850023; PubMed Cen-
tral PMCID: PMC8072408.

Jemielity S, Wang JJ, Chan YK, Ahmed AA, Li W, Monahan S, et al. TIM-family proteins promote infec-
tion of multiple enveloped viruses through virion-associated phosphatidylserine. PLoS Pathog. 2013; 9
(3):21003232. https://doi.org/10.1371/journal.ppat. 1003232 PMID: 23555248; PubMed Central
PMCID: PMC3610696.

Meertens L, Carnec X, Lecoin MP, Ramdasi R, Guivel-Benhassine F, Lew E, et al. The TIM and TAM
families of phosphatidylserine receptors mediate dengue virus entry. Cell Host Microbe. 2012; 12
(4):544-57. Epub 2012/10/23. https://doi.org/10.1016/j.chom.2012.08.009 PMID: 23084921; PubMed
Central PMCID: PMC3572209.

Moller-Tank S, Kondratowicz AS, Davey RA, Rennert PD, Maury W. Role of the phosphatidylserine
receptor TIM-1 in enveloped-virus entry. J Virol. 2013; 87(15):8327—41. Epub 2013/05/24. https://doi.
org/10.1128/JV1.01025-13 PMID: 23698310; PubMed Central PMCID: PMC3719829.

Brindley MA, Hunt CL, Kondratowicz AS, Bowman J, Sinn PL, McCray PB Jr, et al. Tyrosine kinase
receptor Axl enhances entry of Zaire ebolavirus without direct interactions with the viral glycoprotein.
Virology. 2011; 415(2):83-94. https://doi.org/10.1016/j.virol.2011.04.002 PMID: 21529875; PubMed
Central PMCID: PMC3107944

Kondratowicz AS, Lennemann NJ, Sinn PL, Davey RA, Hunt CL, Moller-Tank S, et al. T-cellimmuno-
globulin and mucin domain 1 (TIM-1) is a receptor for Zaire Ebolavirus and Lake Victoria Marburgvirus.
Proc Natl Acad Sci U S A. 2011; 108(20):8426—31. https://doi.org/10.1073/pnas.1019030108 PMID:
21536871; PubMed Central PMCID: PMC3100998

Shimojima M, Takada A, Ebihara H, Neumann G, Fujioka K, Irimura T, et al. Tyro3 family-mediated cell
entry of Ebola and Marburg viruses. J Virol. 2006; 80(20):10109-16. https://doi.org/10.1128/JVI.01157-
06 PMID: 17005688; PubMed Central PMCID: PMC1617303

Brunton B, Rogers K, Phillips EK, Brouillette RB, Bouls R, Butler NS, et al. TIM-1 serves as a receptor
for Ebola virus in vivo, enhancing viremia and pathogenesis. PLoS Negl Trop Dis. 2019; 13(6):

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010352 March 4, 2022 7/10


https://doi.org/10.1146/annurev-virology-092818-015748
http://www.ncbi.nlm.nih.gov/pubmed/31567065
https://doi.org/10.1186/s12964-019-0438-z
http://www.ncbi.nlm.nih.gov/pubmed/31615534
https://doi.org/10.1038/nrm2330
http://www.ncbi.nlm.nih.gov/pubmed/18216768
https://doi.org/10.1021/bi970145r
https://doi.org/10.1021/bi970145r
http://www.ncbi.nlm.nih.gov/pubmed/9220970
https://doi.org/10.1016/j.plipres.2016.08.003
http://www.ncbi.nlm.nih.gov/pubmed/27528189
https://doi.org/10.1016/j.jmb.2021.166941
https://doi.org/10.1016/j.jmb.2021.166941
http://www.ncbi.nlm.nih.gov/pubmed/33741412
https://doi.org/10.1016/j.coi.2020.07.007
http://www.ncbi.nlm.nih.gov/pubmed/32853880
https://doi.org/10.1016/j.cmet.2021.05.006
https://doi.org/10.1016/j.cmet.2021.05.006
http://www.ncbi.nlm.nih.gov/pubmed/34015269
https://doi.org/10.1083/jcb.202103105
http://www.ncbi.nlm.nih.gov/pubmed/33929485
https://doi.org/10.1073/pnas.2101562118
http://www.ncbi.nlm.nih.gov/pubmed/33850023
https://doi.org/10.1371/journal.ppat.1003232
http://www.ncbi.nlm.nih.gov/pubmed/23555248
https://doi.org/10.1016/j.chom.2012.08.009
http://www.ncbi.nlm.nih.gov/pubmed/23084921
https://doi.org/10.1128/JVI.01025-13
https://doi.org/10.1128/JVI.01025-13
http://www.ncbi.nlm.nih.gov/pubmed/23698310
https://doi.org/10.1016/j.virol.2011.04.002
http://www.ncbi.nlm.nih.gov/pubmed/21529875
https://doi.org/10.1073/pnas.1019030108
http://www.ncbi.nlm.nih.gov/pubmed/21536871
https://doi.org/10.1128/JVI.01157-06
https://doi.org/10.1128/JVI.01157-06
http://www.ncbi.nlm.nih.gov/pubmed/17005688
https://doi.org/10.1371/journal.ppat.1010352

PLOS PATHOGENS

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

e€0006983. Epub 2019/06/27. https://doi.org/10.1371/journal.pntd.0006983 PMID: 31242184; PubMed
Central PMCID: PMC6615641.

Zapatero-Belinchon FJ, Dietzel E, Dolnik O, Dohner K, Costa R, Hertel B, et al. Characterization of the
Filovirus-Resistant Cell Line SH-SY5Y Reveals Redundant Role of Cell Surface Entry Factors. Viruses.
2019; 11(3). Epub 2019/03/22. https://doi.org/10.3390/v11030275 PMID: 30893855; PubMed Central
PMCID: PMC6466046.

Kirui J, Abidine Y, Lenman A, Islam K, Gwon YD, Lasswitz L, et al. The Phosphatidylserine Receptor
TIM-1 Enhances Authentic Chikungunya Virus Cell Entry. Cell. 2021; 10(7). Epub 2021/08/08. https:/
doi.org/10.3390/cells10071828 PMID: 34359995; PubMed Central PMCID: PMC8303237.

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.

Laliberte JP, Moss B. Appraising the apoptotic mimicry model and the role of phospholipids for poxvirus
entry. Proc Natl Acad Sci U S A. 2009; 106(41):17517-21. https://doi.org/10.1073/pnas.0909376106
PMID: 19805093; PubMed Central PMCID: PMC2749847.

Morizono K, Xie Y, Olafsen T, Lee B, Dasgupta A, Wu AM, et al. The soluble serum protein Gasé6 brid-
ges virion envelope phosphatidylserine to the TAM receptor tyrosine kinase Ax| to mediate viral entry.
Cell Host Microbe. 2011; 9(4):286-98. Epub 2011/04/20. https://doi.org/10.1016/j.chom.2011.03.012
PMID: 21501828; PubMed Central PMCID: PMC3095825.

Brouillette RB, Phillips EK, Patel R, Mahauad-Fernandez W, Moller-Tank S, Rogers KJ, et al. TIM-1
Mediates Dystroglycan-Independent Entry of Lassa Virus. J Virol. 2018; 92(16). Epub 2018/06/08.
https://doi.org/10.1128/JV1.00093-18 PMID: 29875238; PubMed Central PMCID: PMC6069209.

Fedeli C, Torriani G, Galan-Navarro C, Moraz ML, Moreno H, Gerold G, et al. Axl Can Serve as Entry
Factor for Lassa Virus Depending on the Functional Glycosylation of Dystroglycan. J Virol. 2018; 92(5).
https://doi.org/10.1128/JVI.01613-17 PMID: 29237830; PubMed Central PMCID: PMC5809728.

Meertens L, Labeau A, Dejarnac O, Cipriani S, Sinigaglia L, Bonnet-Madin L, et al. Axl Mediates ZIKA
Virus Entry in Human Glial Cells and Modulates Innate Immune Responses. Cell Rep. 2017; 18
(2):324-33. Epub 2017/01/12. https://doi.org/10.1016/j.celrep.2016.12.045 PMID: 28076778.

Wei X, Li R, Qiao S, Chen XX, Xing G, Zhang G. Porcine Reproductive and Respiratory Syndrome
Virus Utilizes Viral Apoptotic Mimicry as an Alternative Pathway To Infect Host Cells. J Virol. 2020; 94
(17). Epub 2020/06/12. https://doi.org/10.1128/JV1.00709-20 PMID: 32522856; PubMed Central
PMCID: PMC7431799.

Chen YH, Du W, Hagemeijer MC, Takvorian PM, Pau C, Cali A, et al. Phosphatidylserine vesicles
enable efficient en bloc transmission of enteroviruses. Cell. 2015; 160(4):619-30. Epub 2015/02/14.
https://doi.org/10.1016/j.cell.2015.01.032 PMID: 25679758.

Costafreda M, Abbasi A, Lu H, Kaplan G. Exosome mimicry by a HAVCR1-NPC1 pathway of endoso-
mal fusion mediates hepatitis A virus infection. Nat Microbiol. 2020; 5(9):1096—106. Epub 2020/06/17.
https://doi.org/10.1038/s41564-020-0740-y PMID: 32541946; PubMed Central PMCID: PMC7483988.

Amara A, Mercer J. Viral apoptotic mimicry. Nat Rev Microbiol. 2015; 13(8):461-9. https://doi.org/10.
1038/nrmicro3469 PMID: 26052667.

Moller-Tank S, Maury W. Phosphatidylserine receptors: enhancers of enveloped virus entry and infec-
tion. Virology. 2014; 468—-470:565-80. https://doi.org/10.1016/j.virol.2014.09.009 PMID: 25277499;
PubMed Central PMCID: PMC4252826

Shimojima M, Stroher U, Ebihara H, Feldmann H, Kawaoka Y. Identification of cell surface molecules
involved in dystroglycan-independent Lassa virus cell entry. J Virol. 2012; 86(4):2067—78. https://doi.
org/10.1128/JV1.06451-11 PMID: 22156524; PubMed Central PMCID: PMC3302412

Morizono K, Chen IS. Role of phosphatidylserine receptors in enveloped virus infection. J Virol. 2014;
88(8):4275-90. https://doi.org/10.1128/JV1.03287-13 PMID: 24478428; PubMed Central PMCID:
PMC3993771

Bohan D, Ert HV, Ruggio N, Rogers KJ, Badreddine M, Aguilar Briseno JA, et al. Phosphatidylserine
Receptors Enhance SARS-CoV-2 Infection: AXL as a Therapeutic Target for COVID-19. bioRxiv. 2021.
Epub 2021/06/24. https://doi.org/10.1101/2021.06.15.448419 PMID: 34159331; PubMed Central
PMCID: PMC8219095.

Naeini MB, Bianconi V, Pirro M, Sahebkar A. The role of phosphatidylserine recognition receptors in
multiple biological functions. Cell Mol Biol Lett. 2020; 25:23. Epub 2020/04/01. https://doi.org/10.1186/
511658-020-00214-z PMID: 32226456; PubMed Central PMCID: PMC7098104.

Evans JP, Liu SL. Multifaceted Roles of TIM-Family Proteins in Virus-Host Interactions. Trends Micro-
biol. 2020; 28(3):224—35. Epub 2019/11/17. https://doi.org/10.1016/j.tim.2019.10.004 PMID:
31732320; PubMed Central PMCID: PMC7018592.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010352 March 4, 2022 8/10


https://doi.org/10.1371/journal.pntd.0006983
http://www.ncbi.nlm.nih.gov/pubmed/31242184
https://doi.org/10.3390/v11030275
http://www.ncbi.nlm.nih.gov/pubmed/30893855
https://doi.org/10.3390/cells10071828
https://doi.org/10.3390/cells10071828
http://www.ncbi.nlm.nih.gov/pubmed/34359995
https://doi.org/10.1126/science.1155164
http://www.ncbi.nlm.nih.gov/pubmed/18436786
https://doi.org/10.1073/pnas.0909376106
http://www.ncbi.nlm.nih.gov/pubmed/19805093
https://doi.org/10.1016/j.chom.2011.03.012
http://www.ncbi.nlm.nih.gov/pubmed/21501828
https://doi.org/10.1128/JVI.00093-18
http://www.ncbi.nlm.nih.gov/pubmed/29875238
https://doi.org/10.1128/JVI.01613-17
http://www.ncbi.nlm.nih.gov/pubmed/29237830
https://doi.org/10.1016/j.celrep.2016.12.045
http://www.ncbi.nlm.nih.gov/pubmed/28076778
https://doi.org/10.1128/JVI.00709-20
http://www.ncbi.nlm.nih.gov/pubmed/32522856
https://doi.org/10.1016/j.cell.2015.01.032
http://www.ncbi.nlm.nih.gov/pubmed/25679758
https://doi.org/10.1038/s41564-020-0740-y
http://www.ncbi.nlm.nih.gov/pubmed/32541946
https://doi.org/10.1038/nrmicro3469
https://doi.org/10.1038/nrmicro3469
http://www.ncbi.nlm.nih.gov/pubmed/26052667
https://doi.org/10.1016/j.virol.2014.09.009
http://www.ncbi.nlm.nih.gov/pubmed/25277499
https://doi.org/10.1128/JVI.06451-11
https://doi.org/10.1128/JVI.06451-11
http://www.ncbi.nlm.nih.gov/pubmed/22156524
https://doi.org/10.1128/JVI.03287-13
http://www.ncbi.nlm.nih.gov/pubmed/24478428
https://doi.org/10.1101/2021.06.15.448419
http://www.ncbi.nlm.nih.gov/pubmed/34159331
https://doi.org/10.1186/s11658-020-00214-z
https://doi.org/10.1186/s11658-020-00214-z
http://www.ncbi.nlm.nih.gov/pubmed/32226456
https://doi.org/10.1016/j.tim.2019.10.004
http://www.ncbi.nlm.nih.gov/pubmed/31732320
https://doi.org/10.1371/journal.ppat.1010352

PLOS PATHOGENS

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Saurav S, Tanwar J, Ahuja K, Motiani RK. Dysregulation of host cell calcium signaling during viral infec-
tions: Emerging paradigm with high clinical relevance. Mol Asp Med. 2021:101004. Epub 2021/07/27.
https://doi.org/10.1016/j.mam.2021.101004 PMID: 34304899; PubMed Central PMCID: PMC8299155.

Nanbo A, Maruyama J, Imai M, Ujie M, Fujioka Y, Nishide S, et al. Ebola virus requires a host scram-
blase for externalization of phosphatidylserine on the surface of viral particles. PLoS Pathog. 2018; 14
(1):21006848. https://doi.org/10.1371/journal.ppat. 1006848 PMID: 29338048; PubMed Central
PMCID: PMC5786336.

Acciani MD, Lay Mendoza MF, Havranek KE, Duncan AM, lyer H, Linn OL, et al. Ebola virus requires
phosphatidylserine scrambling activity for efficient budding and optimal infectivity. J Virol. 2021:
JVI10116521. Epub 2021/07/29. hitps://doi.org/10.1128/JVI.01165-21 PMID: 34319156.

Younan P, lampietro M, Santos RI, Ramanathan P, Popov VL, Bukreyev A. Role of Transmembrane
Protein 16F in the Incorporation of Phosphatidylserine Into Budding Ebola Virus Virions. J Infect Dis.
2018; 218(suppl_5):S335-S45. Epub 2018/10/06. https://doi.org/10.1093/infdis/jiy485 PMID:
30289531; PubMed Central PMCID: PMC6249587.

Whitlock JM, Chernomordik LV. Flagging fusion: Phosphatidylserine signaling in cell-cell fusion. J Biol
Chem. 2021; 296:100411. Epub 2021/02/14. https://doi.org/10.1016/j.jbc.2021.100411 PMID:
33581114; PubMed Central PMCID: PMC8005811.

Azab W, Gramatica A, Herrmann A, Osterrieder N. Binding of alphaherpesvirus glycoprotein H to sur-
face alphadbetai-integrins activates calcium-signaling pathways and induces phosphatidylserine expo-
sure on the plasma membrane. mBio. 2015; 6(5):e01552—-15. Epub 2015/10/23. https://doi.org/10.
1128/mBio.01552-15 PMID: 26489864; PubMed Central PMCID: PMC4620472.

Cheshenko N, Pierce C, Herold BC. Herpes simplex viruses activate phospholipid scramblase to redis-
tribute phosphatidylserines and Akt to the outer leaflet of the plasma membrane and promote viral
entry. PLoS Pathog. 2018; 14(1):e1006766. Epub 2018/01/03. https://doi.org/10.1371/journal.ppat.
1006766 PMID: 29293671; PubMed Central PMCID: PMC5766253.

Zaitseva E, Zaitsev E, Melikov K, Arakelyan A, Marin M, Villasmil R, et al. Fusion Stage of HIV-1 Entry
Depends on Virus-Induced Cell Surface Exposure of Phosphatidylserine. Cell Host Microbe. 2017; 22
(1):99-110 7. Epub 2017/07/14. https://doi.org/10.1016/j.chom.2017.06.012 PMID: 28704658;
PubMed Central PMCID: PMC5558241.

Braga L, Ali H, Secco I, Chiavacci E, Neves G, Goldhill D, et al. Drugs that inhibit TMEM16 proteins
block SARS-CoV-2 spike-induced syncytia. Nature. 2021; 594(7861):88—93. Epub 2021/04/08. https://
doi.org/10.1038/s41586-021-03491-6 PMID: 33827113; PubMed Central PMCID: PMC7611055.

Chua BA, Ngo JA, Situ K, Morizono K. Roles of phosphatidylserine exposed on the viral envelope and
cell membrane in HIV-1 replication. Cell Commun Signal. 2019; 17(1):132. Epub 2019/10/23. https://
doi.org/10.1186/s12964-019-0452-1 PMID: 31638994; PubMed Central PMCID: PMC6805584.

Miller S, Krijnse-Locker J. Modification of intracellular membrane structures for virus replication. Nat
Rev Microbiol. 2008; 6(5):363—74. Epub 2008/04/17. https://doi.org/10.1038/nrmicro1890 PMID:
18414501; PubMed Central PMCID: PMC7096853.

Schneider WM, Luna JM, Hoffmann HH, Sanchez-Rivera FJ, Leal AA, Ashbrook AW, et al. Genome-
Scale Identification of SARS-CoV-2 and Pan-coronavirus Host Factor Networks. Cell. 2021; 184
(1):120-32 e14. Epub 2021/01/01. https://doi.org/10.1016/j.cell.2020.12.006 PMID: 33382968;
PubMed Central PMCID: PMC7796900.

Baggen J, Persoons L, Vanstreels E, Jansen S, Van Looveren D, Boeckx B, et al. Genome-wide
CRISPR screening identifies TMEM106B as a proviral host factor for SARS-CoV-2. Nat Genet. 2021;
53(4):435—-44. Epub 2021/03/10. https://doi.org/10.1038/s41588-021-00805-2 PMID: 33686287.

Trimarco JD, Heaton BE, Chaparian RR, Burke KN, Binder RA, Gray GC, et al. TMEM41B is a host fac-
tor required for the replication of diverse coronaviruses including SARS-CoV-2. PLoS Pathog. 2021; 17
(5):€1009599. Epub 2021/05/28. https://doi.org/10.1371/journal.ppat. 1009599 PMID: 34043740;
PubMed Central PMCID: PMC8189496.

Hoffmann HH, Schneider WM, Rozen-Gagnon K, Miles LA, Schuster F, Razooky B, et al. TMEM41B Is
a Pan-flavivirus Host Factor. Cell. 2021; 184(1):133—48 €20. Epub 2020/12/19. https://doi.org/10.1016/
j.cell.2020.12.005 PMID: 33338421; PubMed Central PMCID: PMC7954666.

SunlL, ZhaoC,FuZ,FuY, SuZ,LiY, etal. Genome-scale CRISPR screen identifies TMEM41B as a
multi-function host factor required for coronavirus replication. PLoS Pathog. 2021; 17(12):e1010113.
Epub 2021/12/07. https://doi.org/10.1371/journal.ppat.1010113 PMID: 34871328; PubMed Central
PMCID: PMC8675922.

Morita K, Hama Y, Mizushima N. TMEM41B functions with VMP1 in autophagosome formation. Autop-
hagy. 2019; 15(5):922—3. Epub 2019/02/19. https://doi.org/10.1080/15548627.2019.1582952 PMID:
30773971; PubMed Central PMCID: PMC6526808.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010352 March 4, 2022 9/10


https://doi.org/10.1016/j.mam.2021.101004
http://www.ncbi.nlm.nih.gov/pubmed/34304899
https://doi.org/10.1371/journal.ppat.1006848
http://www.ncbi.nlm.nih.gov/pubmed/29338048
https://doi.org/10.1128/JVI.01165-21
http://www.ncbi.nlm.nih.gov/pubmed/34319156
https://doi.org/10.1093/infdis/jiy485
http://www.ncbi.nlm.nih.gov/pubmed/30289531
https://doi.org/10.1016/j.jbc.2021.100411
http://www.ncbi.nlm.nih.gov/pubmed/33581114
https://doi.org/10.1128/mBio.01552-15
https://doi.org/10.1128/mBio.01552-15
http://www.ncbi.nlm.nih.gov/pubmed/26489864
https://doi.org/10.1371/journal.ppat.1006766
https://doi.org/10.1371/journal.ppat.1006766
http://www.ncbi.nlm.nih.gov/pubmed/29293671
https://doi.org/10.1016/j.chom.2017.06.012
http://www.ncbi.nlm.nih.gov/pubmed/28704658
https://doi.org/10.1038/s41586-021-03491-6
https://doi.org/10.1038/s41586-021-03491-6
http://www.ncbi.nlm.nih.gov/pubmed/33827113
https://doi.org/10.1186/s12964-019-0452-1
https://doi.org/10.1186/s12964-019-0452-1
http://www.ncbi.nlm.nih.gov/pubmed/31638994
https://doi.org/10.1038/nrmicro1890
http://www.ncbi.nlm.nih.gov/pubmed/18414501
https://doi.org/10.1016/j.cell.2020.12.006
http://www.ncbi.nlm.nih.gov/pubmed/33382968
https://doi.org/10.1038/s41588-021-00805-2
http://www.ncbi.nlm.nih.gov/pubmed/33686287
https://doi.org/10.1371/journal.ppat.1009599
http://www.ncbi.nlm.nih.gov/pubmed/34043740
https://doi.org/10.1016/j.cell.2020.12.005
https://doi.org/10.1016/j.cell.2020.12.005
http://www.ncbi.nlm.nih.gov/pubmed/33338421
https://doi.org/10.1371/journal.ppat.1010113
http://www.ncbi.nlm.nih.gov/pubmed/34871328
https://doi.org/10.1080/15548627.2019.1582952
http://www.ncbi.nlm.nih.gov/pubmed/30773971
https://doi.org/10.1371/journal.ppat.1010352

PLOS PATHOGENS

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Motsa BB, Stahelin RV. Lipid-protein interactions in virus assembly and budding from the host cell
plasma membrane. Biochem Soc Trans. 2021; 49(4):1633—41. Epub 2021/08/26. https://doi.org/10.
1042/BST20200854 PMID: 34431495.

Raaben M, Jae LT, Herbert AS, Kuehne Al, Stubbs SH, Chou YY, et al. NRP2 and CD63 Are Host Fac-
tors for Lujo Virus Cell Entry. Cell Host Microbe. 2017; 22(5):688-96 €5. Epub 2017/11/10. https://doi.
org/10.1016/j.chom.2017.10.002 PMID: 29120745; PubMed Central PMCID: PMC5821226.

Martinez-Gil L, Vera-Velasco NM, Mingarro |. Exploring the Human-Nipah Virus Protein-Protein Interac-
tome. J Virol. 2017; 91(23). Epub 2017/09/15. https://doi.org/10.1128/JVI.01461-17 PMID: 28904190;
PubMed Central PMCID: PMC5686741.

Guo Z, Lu J, Wang X, Zhan B, Li W, Ding SW. Lipid flippases promote antiviral silencing and the biogen-
esis of viral and host siRNAs in Arabidopsis. Proc Natl Acad Sci U S A. 2017; 114(6):1377-82. Epub
2017/01/27. https://doi.org/10.1073/pnas. 1614204114 PMID: 28123063; PubMed Central PMCID:
PMC5307474.

Andersen JP, Vestergaard AL, Mikkelsen SA, Mogensen LS, Chalat M, Molday RS. P4-ATPases as
Phospholipid Flippases-Structure, Function, and Enigmas. Front Physiol. 2016; 7:275. Epub 2016/07/
28. https://doi.org/10.3389/fphys.2016.00275 PMID: 27458383; PubMed Central PMCID:
PMC4937031.

Yang Y, Sun K, Liu W, Li X, Tian W, Shuai P, et al. The phosphatidylserine flippase beta-subunit
Tmem30a is essential for normal insulin maturation and secretion. Mol Ther. 2021; 29(9):2854-72.
Epub 2021/04/26. https://doi.org/10.1016/j.ymthe.2021.04.026 PMID: 33895325; PubMed Central
PMCID: PMC8417432.

Pedemonte N, Galietta LJ. Structure and function of TMEM16 proteins (anoctamins). Physiol Rev.
2014; 94(2):419-59. Epub 2014/04/03. https://doi.org/10.1152/physrev.00039.2011 PMID: 24692353.

Nagata S, Suzuki J, Segawa K, Fujii T. Exposure of phosphatidylserine on the cell surface. Cell Death
Differ. 2016; 23(6):952—61. Epub 2016/02/20. https://doi.org/10.1038/cdd.2016.7 PMID: 26891692;
PubMed Central PMCID: PMC4987739.

Kawano M, Nagata S. Lupus-like autoimmune disease caused by a lack of Xkr8, a caspase-dependent
phospholipid scramblase. Proc Natl Acad Sci U S A. 2018; 115(9):2132—7. Epub 2018/02/15. https://
doi.org/10.1073/pnas.1720732115 PMID: 29440417; PubMed Central PMCID: PMC5834722.

Yamashita Y, Suzuki C, Uchiyama Y, Nagata S. Infertility Caused by Inefficient Apoptotic Germ Cell
Clearance in Xkr8-Deficient Male Mice. Mol Cell Biol. 2020; 40(3). Epub 2019/11/13. https://doi.org/10.
1128/MCB.00402-19 PMID: 31712393; PubMed Central PMCID: PMC6965033.

Van Alstyne M, Lotti F, Dal Mas A, Area-Gomez E, Pellizzoni L. Stasimon/Tmem41b localizes to mito-
chondria-associated ER membranes and is essential for mouse embryonic development. Biochem Bio-
phys Res Commun. 2018; 506(3):463-70. Epub 2018/10/26. https://doi.org/10.1016/j.bbrc.2018.10.
073 PMID: 30352685; PubMed Central PMCID: PMC6242727.

Wang P, Kou D, Le W. Roles of VMP1 in Autophagy and ER-Membrane Contact: Potential Implications
in Neurodegenerative Disorders. Front Mol Neurosci. 2020; 13:42. Epub 2020/04/17. https://doi.org/10.
3389/fnmol.2020.00042 PMID: 32296305; PubMed Central PMCID: PMC7137732.

Soares MM, King SW, Thorpe PE. Targeting inside-out phosphatidylserine as a therapeutic strategy for
viral diseases. Nat Med. 2008; 14(12):1357-62. https://doi.org/10.1038/nm.1885 PMID: 19029986;
PubMed Central PMCID: PMC2597367

Thomas JM, Thorpe PE. Protective Effect of Anti-Phosphatidylserine Antibody in a Guinea Pig Model of
Advanced Hemorrhagic Arenavirus Infection. Open Microbiol J. 2017; 11:303—-15. Epub 2018/01/02.
https://doi.org/10.2174/1874285801711010303 PMID: 2929084 3; PubMed Central PMCID:
PMC5737030.

Segawa K, Suzuki J, Nagata S. Constitutive exposure of phosphatidylserine on viable cells. Proc Natl
Acad SciU S A. 2011; 108(48):19246-51. Epub 2011/11/16. https://doi.org/10.1073/pnas.1114799108
PMID: 22084121; PubMed Central PMCID: PMC3228483.

Suzuki J, Denning DP, Imanishi E, Horvitz HR, Nagata S. Xk-related protein 8 and CED-8 promote
phosphatidylserine exposure in apoptotic cells. Science. 2013; 341(6144):403-6. Epub 2013/07/13.
https://doi.org/10.1126/science. 1236758 PMID: 23845944.

Sakuragi T, Kosako H, Nagata S. Phosphorylation-mediated activation of mouse Xkr8 scramblase for
phosphatidylserine exposure. Proc Natl Acad Sci U S A. 2019; 116(8):2907—12. Epub 2019/02/06.
https://doi.org/10.1073/pnas. 1820499116 PMID: 30718401; PubMed Central PMCID: PMC6386700.

Birge RB, Boeltz S, Kumar S, Carlson J, Wanderley J, Calianese D, et al. Phosphatidylserine is a global
immunosuppressive signal in efferocytosis, infectious disease, and cancer. Cell Death Differ. 2016; 23
(6):962—78. Epub 2016/02/27. https://doi.org/10.1038/cdd.2016.11 PMID: 26915293; PubMed Central
PMCID: PMC4987730.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010352 March 4, 2022 10/10


https://doi.org/10.1042/BST20200854
https://doi.org/10.1042/BST20200854
http://www.ncbi.nlm.nih.gov/pubmed/34431495
https://doi.org/10.1016/j.chom.2017.10.002
https://doi.org/10.1016/j.chom.2017.10.002
http://www.ncbi.nlm.nih.gov/pubmed/29120745
https://doi.org/10.1128/JVI.01461-17
http://www.ncbi.nlm.nih.gov/pubmed/28904190
https://doi.org/10.1073/pnas.1614204114
http://www.ncbi.nlm.nih.gov/pubmed/28123063
https://doi.org/10.3389/fphys.2016.00275
http://www.ncbi.nlm.nih.gov/pubmed/27458383
https://doi.org/10.1016/j.ymthe.2021.04.026
http://www.ncbi.nlm.nih.gov/pubmed/33895325
https://doi.org/10.1152/physrev.00039.2011
http://www.ncbi.nlm.nih.gov/pubmed/24692353
https://doi.org/10.1038/cdd.2016.7
http://www.ncbi.nlm.nih.gov/pubmed/26891692
https://doi.org/10.1073/pnas.1720732115
https://doi.org/10.1073/pnas.1720732115
http://www.ncbi.nlm.nih.gov/pubmed/29440417
https://doi.org/10.1128/MCB.00402-19
https://doi.org/10.1128/MCB.00402-19
http://www.ncbi.nlm.nih.gov/pubmed/31712393
https://doi.org/10.1016/j.bbrc.2018.10.073
https://doi.org/10.1016/j.bbrc.2018.10.073
http://www.ncbi.nlm.nih.gov/pubmed/30352685
https://doi.org/10.3389/fnmol.2020.00042
https://doi.org/10.3389/fnmol.2020.00042
http://www.ncbi.nlm.nih.gov/pubmed/32296305
https://doi.org/10.1038/nm.1885
http://www.ncbi.nlm.nih.gov/pubmed/19029986
https://doi.org/10.2174/1874285801711010303
http://www.ncbi.nlm.nih.gov/pubmed/29290843
https://doi.org/10.1073/pnas.1114799108
http://www.ncbi.nlm.nih.gov/pubmed/22084121
https://doi.org/10.1126/science.1236758
http://www.ncbi.nlm.nih.gov/pubmed/23845944
https://doi.org/10.1073/pnas.1820499116
http://www.ncbi.nlm.nih.gov/pubmed/30718401
https://doi.org/10.1038/cdd.2016.11
http://www.ncbi.nlm.nih.gov/pubmed/26915293
https://doi.org/10.1371/journal.ppat.1010352

