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Enveloped RNA virus entry is a conceptually simple stepwise process: A virus attaches to host
cells, which leads to viral membrane/cellular membrane fusion and viral genome injection
into the cytoplasm. The specifics of and intermediate steps during this entry process are com-
plex and vary widely among viruses. Some of these viruses attach and fuse directly with the
plasma membrane, whereas others enter endosomes following attachment and subsequently
fuse with endosome membranes. The nature of the host/enveloped RNA virus interactions
that lead to virion/cell membrane fusion can also vary. With some viruses, the viral glycopro-
tein specifically and directly binds with high affinity to a cell surface receptor that mediates the
fusion process. At the other end of this spectrum are viruses that use broader, less selective
mechanisms for cellular attachment. Two commonly used broad mechanisms employed by
enveloped RNA viruses are the binding of virion glycoprotein-associated glycans to glycan-
binding proteins such as C-type lectins and the binding of virion lipids such as phosphatidyl-
serine (PS) to PS receptors. These glycoprotein-agnostic attachment factors not only attach
virus to the surface of cells, but frequently mediate virion internalization to endosomes.
Importantly, they do not mediate membrane fusion. Thus, for viruses that use their glycans
and/or lipids as attachment/internalization factors, additional entry steps, such as binding
within the endosomal compartment to a cellular receptor that stimulates fusion events, are
required for productive infection.

The ability of glycans on virion glycoproteins to enhance attachment has been long appreci-
ated [1-4]; however, the importance of virion-associated PS binding of host cell PS receptors
has more recently demonstrated [5-8]. Initial studies demonstrated that PS on the surface of
the DNA virus, vaccinia virus (VACV), mediated virus binding and internalization into endo-
somes via an actin-dependent macropinocytosis-like event [8]. The authors insightfully identi-
fied this virus uptake mechanism as similar to apoptosis and termed it “apoptotic mimicry.”
However, the receptors mediating this uptake were not identified in this study. Subsequently,
RNA viruses in the Filoviridae and Flaviviridae families were identified to use PS receptors of
the TIM and TAM families [5,6,9] and that virus interaction with these receptors was through
virion-associated PS [7,10-12]. The number of RNA virus families that utilize this uptake
mechanism has increased steadily, with additional members of the Bunyaviridae and Arterivir-
idae most recently identified [13,14]. Yet, PS has relatively low affinity for PS receptors com-
pared to the affinity of many viral glycoproteins for their cognate receptors. This begs the
question: What advantages are conferred to viruses by utilization of PS receptors? This review
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discusses the fundamentals of virion PS/PS receptor interactions and highlights the numerous
benefits conferred by this route of entry.

Enveloped virus utilization of PS receptors: Tools of the trade

PS is a ubiquitous negatively charged phospholipid of cellular membranes that is critical for
cellular debris recycling and cargo trafficking. In healthy cells, PS is retained on the cyto-
plasmic (or inner) leaflet of the plasma membrane at high energetic cost by flippases [15].
Scramblases, in response to cell death signals or transient Ca>* fluxes, translocate PS to the
outer plasma membrane leaflet of apoptotic bodies where exposed PS binds to and is internal-
ized by PS receptors on phagocytic or endocytic cells. This leads to recycling of cellular constit-
uents [16]. PS receptors are widely and highly expressed in a variety of tissues, being critical
factors in ensuring efficient, rapid, and minimally inflammatory clearance of apoptotic cells
[17].

The function of PS receptors is readily co-opted by enveloped viruses as many present PS
on the surface of their lipid envelope (for earlier reviews, see [18-20]). The ubiquitous nature
of PS in cellular membranes combined with a panoply of PS receptors encoded by mammalian
hosts combine to make this a near-universally available mechanism for enveloped virus/host
cell interaction. A wide range of pathogenic viruses are appreciated to exploit PS receptors in
mammals (Table 1), including filoviruses (Ebola virus (EBOV) and Marburg virus), flavivi-
ruses (Dengue virus (DENV), West Nile virus (WNV), Yellow Fever virus, and Zika virus
(ZIKV)), poxviruses (VACV), alphaviruses (Chikungunya virus (CHIKV), Sindbis virus, and
Eastern Equine Encephalitis virus), bunyaviruses, (Hantaan virus and Andes virus), and arena-
viruses (Pichinde virus (PICV)) [6,8,10,13,21-24]. Recent research from our lab suggests that
this extends to coronaviruses as well, as Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2) utilizes PS receptors to enhance entry [25]. Even nonenveloped viruses such as

Table 1. PS receptors that enhance enveloped virus infection: expression and functionality.

PS Receptor Cell Types Expressing mRNA* Viral Families Known to Utilize for Notes
(GENE) Entry”
TIM-1 Some T cells and B cells, renal epithelia, colon epithelia; filoviruses; alphaviruses; flaviviruses; Broad uptake of apoptotic mimicking viruses
(HAVCRI) syncytiotrophoblasts; numerous commonly used epithelial arenaviruses, poxviruses; baculoviruses | High expression in damaged renal epithelia
lines
TIM-4 Tissue macrophages such as Kupffer cells, peritoneal filoviruses; flaviviruses; alphaviruses; Broad uptake of apoptotic mimic viruses
(TIMD4) macrophages, adipocyte macrophages; testicular germ cells arenaviruses Constitutive, high expression on a variety of
different tissue macrophages; extremely high
expression in testes
AXL (AXL) B cells; endothelia; tissue macrophages such as alveolar filoviruses; alphaviruses; flaviviruses; Broad uptake of apoptotic mimic viruses;
macrophages and Kupffer cells; fibroblasts, epithelia, smooth | arenaviruses, poxviruses; high and broad cellular expression;
muscle cells, Sertoli cells baculoviruses; coronoviruses ubiquitous ligands (Protein S and Gas6);
MerTK Tissue macrophages such as Kupffer cells and peritoneal multifunctional kinase domains
(MERTK) macrophages; Ito cells; lung epithelia; syncytiotrophoblasts;
retinal rod photoreceptor cells
Tyro3 Renal peritubular cells; Leydig cells; syncytiotrophoblasts;
(TYRO3) keratinocytes; fibroblasts
CD300A Macrophages such as Kupffer cells; granulocytes; T cells; B flaviviruses Selective uptake of apoptotic mimicking

(CD300A) cells; lung epithelia

viruses
Broad immune cell expression
Binds to PS and PE

*Cell type mRNA expression determined by The Human Protein Atlas scRNAseq data (https://www.proteinatlas.org/humanproteome/celltype).

*Virus families utilizing denoted PS receptors were identified from Moller-Tank and colleagues [20].

PE, phosphatidylethanolamine; PS, phosphatidylserine.

https://doi.org/10.1371/journal.ppat.1009899.t001
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the picornaviruses hepatitis A virus (HAV) and enteroviruses as well as orthohepevirus hepati-
tis E virus (HEV) utilize apoptotic mimicry (infrequently termed “exosome mimicry” in these
contexts) [26-28]. These nonenveloped viruses are incorporated into and circulate in vivo
within lipid membranes rich in PS. These quasi-enveloped virions are taken up by cells, allow-
ing PS-dependent virus spread in vivo.

PS receptors vary widely both in structure and expression patterns, but all bind PS either
directly or indirectly [29]. Two families of PS receptors seem to be most important for enveloped
RNA virus uptake into cells: the TIM and TAM receptors (Table 1) [7,11,12,30]. The TAM tyro-
sine kinase receptor family, Tyro3, AXL, and MerTK do not bind to PS directly. Instead, they
bind to the adapter proteins Gas6 or Protein S that, in turn, bind to PS. Formation of the PS-con-
taining complex initiates a signaling cascade by the TAM kinase domain, which mediates inter-
nalization of the complex into endosomes. Two TIM (T-cell immunoglobulin and mucin
domain) family members, TIM-1 and TIM-4, bind PS directly through a PS binding pocket in
an N-terminal immunoglobulin V (IgV)-like domain [31,32]. While TIM-1 has been shown to
internalize its bound cargo into the endosome [11,12], TIM-4 has modest, but significant inter-
nalization capabilities [30,33] that are enhanced by interactions with the Fn IIT domain of integ-
rins or MerTK [33-38]. In addition to the 2 dominant PS families, the lactadherin MFG-ES,
which binds PS and is internalized by integrins ov33 or ovf35, and CD300a mediate uptake of
some enveloped viruses [23]. Additionally, the membrane lipid phosphatidylethanolamine (PE)
functions similarly to PS in the context of viral apoptotic mimicry, enhancing entry for DENV,
WNV, and EBOV by interactions with TIM-1 and CD300a [11,24].

Major cell types expressing TIM-1 include some T cell and B cell populations, renal epithe-
lia, and a wide variety of epithelial cell lines, such as Vero cells and Huh7 cells. TIM-4 expres-
sion is expressed on a variety of tissue macrophages, including Kupffer cells and large
peritoneal macrophages. MerTK is also expressed on macrophages, as well as NK, NKT, and
platelets. AXL expression is broad, found on a variety of epithelia, endothelial, fibroblasts,
macrophages, and other connective tissue cells, whereas Tyro3 is more strongly localized to
brain tissue. These expression patterns likely play a role in the cell tropism of viruses that use
PS receptors for binding and internalization. Interestingly, viruses seem to preferentially use
one PS receptor over others. TIM-1 is preferentially used by EBOV, CHIKV, and DENV,
whereas SARS-CoV-2 or ZIKV entry is preferentially enhanced by AXL [7,25,39,40]. The
mechanism driving this distinction is unknown.

Enveloped virus utilization of PS receptors: Mechanisms of PS
incorporation

Mechanisms of PS acquisition are as diverse as the apoptotic mimicking viruses themselves.
Some viruses such as EBOV have strategies that enhance incorporation of PS into their viral
envelope. The scramblase XKRS8 that is activated during apoptosis colocalizes with EBOV
matrix (VP40) and glycoprotein (GP) within producer cells and XKR8 knockout cells produce
PS-deficient virions [41,42]. Scramblase colocalization with EBOV glycoprotein suggests that
PS incorporation into filoviruses is a virus-facilitated process. Another established mechanism
by which viruses, e.g., PICV, may acquire PS is through rapid triggering of apoptosis and sub-
sequent scramblase activation and flippase deactivation, followed by budding from the freshly
PS-decorated plasma membrane [43]. The presence of PS on the outer leaflet of viral envelopes
may not always be an active process. Enveloped viruses bud from PS-rich membranes such as
the endoplasmic reticulum or plasma membrane and equilibration of PS on the inner and
outer leaflets of viral envelopes may occur over time as maintenance of the nonequilibrium
state requires both cellular flippases and ATP.
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A Homo sapiens TIM-1
Rosettus aegyptiacus
Rhinopholus ferrumequinum
Chlorocebus aethiops

Mus musculus

B  Homo sapiens TIM-4

Enveloped virus utilization of PS receptors: Advantages and
disadvantages of this functionally conserved mechanism

One common viral lifestyle strategy that is benefited by the use of PS receptors is virus target-
ing of a wide variety of host species. Flaviviruses that must enter and replicate in arthropod
and mammalian cells are excellent examples. With host evolution and speciation, sequences of
specific cellular receptors diverge due to positive and stochastic selection events, thereby nar-
rowing rather than expanding the host range for viruses due to host receptor divergence. Apo-
ptotic mimicry is a strategy that avoids these evolutionary constraints, as PS does not evolve
and a range of PS receptors are available, which, as noted below, frequently are highly con-
served across host species.

As an extension of this, apoptotic mimicry has clear implications for zoonotic cross-species
transmission, namely the potential for spillover events. The highly conserved nature and broad
expression patterns of different PS receptors provide an enticing route of entry/internalization
compatible for crossing between distantly related species. For successful spillover events to be
potentiated via PS receptors, viral glycoproteins must mediate membrane fusion events in
these different species, which are, by no means, guaranteed and thus are a primary determi-
nant in host range. However, alignments of PS receptor orthologs across mammalian species
frequently demonstrate strong sequence homology/identity. For the TIM receptors, the
N-terminal IgV-like domain directly binds to virion-associated PS through interactions with
amino acids located within a PS binding pocket [44,45], although additional amino acids out-
side the pocket also contribute to PS binding [30,46,47]. The TIM IgV PS binding pocket
(RGWFNDMEK)) is highly conserved, with striking similarity/identity of these sequences
between the human encoded residues and those of the horseshoe bat and fruit bats (Fig 1A).
These bats are closely related to suspected SARS-CoV and EBOV reservoirs, respectively. The
PS binding pocket of TIM-1 is not only shared across mammalian species, but most members
of the TIM family also share a striking conservation of this pocket (Fig 1B), with nearly identi-
cal functional residues present in TIM-1, TIM-3, and TIM-4, a series of clear systemic redun-
dancies [30]. Given the use of this conserved virus internalization mechanism, it is somewhat
surprising that deletion of one or more of the PS receptor families to reduce virus infection of
mammalian hosts is not more frequently observed. This suggests that the indispensable nature
of PS receptor activity far exceeds the detrimental effects of enhanced viral infection. A notable
exception is the deletion of TIM-1 in portions of the New World monkey family tree,
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Fig 1. The TIM-1 PS binding pocket is highly conserved across a wide range of mammalian genomes. (A) TIM-1 amino acid sequences from NCBI were
accessed for human, Egyptian fruit bat, greater horseshoe bat, African green monkey, and house mouse and aligned using CLUSTAL Q. A region of 30 residues is
shown here, encompassing the IgV binding pocket. Highlighted residues have complete identity across all species examined, 7 depict residues that, if mutated (to
alanine), decrease EBOV pseudovirion transduction >20%, and A indicates residues that, if mutated, decrease EBOV GP-rVSV infection >20% according to
Moller-Tank and colleagues [45]. (B) Alignment of TIM-4 amino acid sequence to TIM-1 as above. Highlighted residues have identity to all TIM-1 sequences
shown, and A indicates residues that, if mutated, significantly reduce transduction and infection according to Rhein and colleagues [30]. EBOV GP-rVSV, Ebola
virus glycoprotein-recombinant vesicular stomatitis virus; IgV, immunoglobulin V; PS, phosphatidylserine.

https://doi.org/10.1371/journal.ppat.1009899.g001
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indicating that this PS receptor is dispensable in specific contexts [48]. Further study of evolu-
tionary origins, links, and conservation of this important family of receptors is needed.

Not only does utilization of PS receptors allow viruses to target multiple species, but the
conserved nature of PS allows multiple PS receptor families to interact with the same ligand to
expand the range of permissive cell types within a single host. Even with viruses that interact
with high-affinity cognate receptors, PS receptors expand viral tropism by mediating entry
into cells that lack expression of that receptor on the surface. For instance, while Lassa virus
(LASV) is well characterized to bind and internalize into endosomes through high-affinity
interactions with the host protein a-dystroglycan (DAG), loss or aberrant glycosylation of
DAG results in LASV being trafficked into the endosomal compartment by PS receptors such
as TIM-1, rather than DAG, where interaction with endosomal LAMP1 mediate fusion [49].
The ability of PS receptors to expand the tropism of other viruses with similar entry strategies
may also occur, but is poorly studied. It is crucial to note that viral tropism is multifactorial,
with the additional requirement of viral glycoprotein interactions with a cognate cellular
receptor in most cases.

PS-dependent virus uptake is also advantageous for viruses by allowing protection of viral
glycoprotein receptor binding sites from antibodies in the extracellular environment. It is now
well documented that neutralizing antibodies are not produced against the receptor binding
motif of EBOV glycoprotein [50]. The absence of these targeted neutralizing antibodies is
thought to be due to the sequestration of this motif in the extracellular glycoprotein, making it
unavailable as a target for antibodies. The EBOV receptor binding motif is only surface
exposed and available for cognate receptor binding (or antibody neutralization) once the
virion is internalized into endosomes and proteolytically processed. Thus, PS-dependent
uptake of EBOV virions allows the receptor binding motif to be sheltered extracellularly.
Whether this applies to any other virus is unexplored.

One notable feature of PS receptor internalization and recycling of apoptotic bodies is a
dampening of inflammation, as failure to clear apoptotic cells can elicit robust innate immune
responses including proinflammatory cytokines and chemokines [51]. PS receptor uptake of
apoptotic bodies results in signaling events that reinforce an anti-inflammatory state by both
promoting anti-inflammatory cytokine secretion and suppressing inflammatory cytokine tran-
scription [52,53]. This “quiet entry” was first noted by Mercer and Helenius, observing that
PS-laden VACV entry was minimally inflammatory [8]; however, the role of PS receptors in
this anti-inflammatory state was unappreciated at the time. Later, genetic ablation of the 3
TAMs in murine cells was found to dramatically increase production of antiviral type I inter-
terons following flavivirus and lentivirus entry, suggesting that the immunosuppressive state
driven by these receptors is advantageous to viral pathogens [54]. Thus, the anti-inflammatory
nature of PS receptor internalization serves to further benefit apoptotic mimics by decreasing
the likelihood of virus restriction, inhibition, and destruction by host innate immune
responses [17].

While the inherent low-affinity interactions between PS and PS receptors is likely a disad-
vantage for a broad range of viruses to use this uptake mechanism, specific viruses are directly
antagonized by PS receptors. For instance, TIM-1 serves as a restriction factor for human
immunodeficiency virus (HIV) [55]. Following the budding of lentiviral particles, TIM-1
binds and prevents complete release of virions via incorporation into the HIV envelope [56].
This retention phenotype reduces particle infectivity 100-fold, is enhanced by SERINC pro-
teins, and is antagonized by viral accessory protein Nef. It is curious that TIMs are decidedly
antiviral for HIV, but not for other enveloped viruses [56]. One possible explanation for this is
that HIV enters cells through high-affinity interactions with specific surface receptors. Hence,
during HIV infection, PS receptors are not internalized from the plasma membrane during
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infection. Thus, upon virus egress, those receptors remain abundant on the plasma membrane
and therefore available to bind and restrict virion release.

Enveloped virus utilization of PS receptors: Challenges,
opportunities, and therapeutic promise

The therapeutic value of virus/PS receptor blockade has been studied in the context of several
viral pathogens. Administration of PS binding antibodies to PICV-infected guinea pigs
reduced mortality after infection and facilitated macrophage killing of infected fibroblasts
[57]. Another antiviral approach targeting PS receptors is the use of a soluble TIM-1 IgV
domain construct [58]. This construct reduces ZIKV infection of human and, notably, mos-
quito cells through competitive binding of virion PS. The authors show the construct’s ability
to block EBOV pseudovirion infection as well, demonstrating the virus-agnostic, host-agnos-
tic, PS-dependent mechanism [58]. Small molecule inhibitors against PS receptors signaling
and internalization are also available. We have recently shown that in AXL-expressing lung
cell lines an AXL-specific inhibitor reduces SARS-CoV-2 loads and infectious titers [25]. Fur-
ther, anti-PS receptor antibodies are available that block virus/PS receptor interactions [6,12].

The foremost obstacles to therapeutically impeding apoptotic mimicry are PS receptor
redundancy and alternative viral strategies of entry. However, the in vivo studies performed to
date suggest that inhibition of specific PS receptors may be efficacious [59]. Concerns remain
regarding suppression of the physiological role of PS receptors, yet this topic is understudied.
Encouragingly, AXL inhibitors are currently in multiple clinical trials for certain metastatic
cancers, suggesting a reasonable safety profile. This is an area of antiviral research that will
likely prove fruitful in the future. As PS, PS receptor structure, and PS receptor function are
highly conserved attributes among mammalian hosts and functionally conserved in insect
hosts, the potential of PS receptors to facilitate zoonotic transmission under specific circum-
stances should not be ignored. PS receptors are an armory of double-edged swords for the
host, clearing debris in an immunological quiescent manner, but also offering an open door to
appropriately prepared viral pathogens.

Acknowledgments

We would like to thank Wesley Hanson, Hanora Van Ert, and Dr. Kai J. Rogers for their help-
ful comments on the manuscript.

References

1. Alvarez CP, Lasala F, Carrillo J, Muniz O, Corbi AL, Delgado R. C-type lectins DC-SIGN and L-SIGN
mediate cellular entry by Ebola virus in cis and in trans. J Virol. 2002; 76(13):6841-4. https://doi.org/10.
1128/jvi.76.13.6841-6844.2002 PMID: 12050398.

2. Reading PC, Miller JL, Anders EM. Involvement of the mannose receptor in infection of macrophages
by influenza virus. J Virol. 2000; 74(11):5190-7. Epub 2000/05/09. https://doi.org/10.1128/jvi.74.11.
5190-5197.2000 PMID: 10799594; PubMed Central PMCID: PMC110872.

3. Markwell MA, Svennerholm L, Paulson JC. Specific gangliosides function as host cell receptors for Sen-
dai virus. Proc Natl Acad Sci U S A. 1981; 78(9):5406—10. Epub 1981/09/01. https://doi.org/10.1073/
pnas.78.9.5406 PMID: 6272300; PubMed Central PMCID: PMC348754.

4. Markwell MA, Portner A, Schwartz AL. An alternative route of infection for viruses: entry by means of
the asialoglycoprotein receptor of a Sendai virus mutant lacking its attachment protein. Proc Natl Acad
SciU S A. 1985; 82(4):978-82. Epub 1985/02/01. https://doi.org/10.1073/pnas.82.4.978 PMID:
2983337; PubMed Central PMCID: PMC397176.

5. 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.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009899 September 23, 2021 6/9


https://doi.org/10.1128/jvi.76.13.6841-6844.2002
https://doi.org/10.1128/jvi.76.13.6841-6844.2002
http://www.ncbi.nlm.nih.gov/pubmed/12050398
https://doi.org/10.1128/jvi.74.11.5190-5197.2000
https://doi.org/10.1128/jvi.74.11.5190-5197.2000
http://www.ncbi.nlm.nih.gov/pubmed/10799594
https://doi.org/10.1073/pnas.78.9.5406
https://doi.org/10.1073/pnas.78.9.5406
http://www.ncbi.nlm.nih.gov/pubmed/6272300
https://doi.org/10.1073/pnas.82.4.978
http://www.ncbi.nlm.nih.gov/pubmed/2983337
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.1009899

PLOS PATHOGENS

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

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
WOS:000290719600069. PMID: 21536871

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.

Mercer J, Helenius A. Vaccinia virus uses macropinocytosis and apoptotic mimicry to enter host cells.
Science. 2008; 320(5875):531-5. Epub 2008/04/26. https://doi.org/10.1126/science.1155164 PMID:
18436786.

Shimojima M, lkeda Y, Kawaoka Y. The mechanism of AxI-mediated Ebola virus infection. J Infect Dis.
2007; 196(Suppl 2):5259-63. https://doi.org/10.1086/520594 PMID: 17940958.

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.

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. Epub 2013/04/05. https://doi.org/10.1371/journal.ppat. 1003232 PMID: 23555248;
PubMed Central PMCID: PMC3610696.

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/JVI1.01025-13 PMID: 23698310; PubMed Central PMCID: PMC3719829.

Mayor J, Torriani G, Rothenberger S, Engler O. T-cell immunoglobulin and mucin (TIM) contributes to
the infection of human airway epithelial cells by pseudotype viruses containing Hantaan virus glycopro-
teins. Virology. 2020; 543:54—62. Epub 2020/02/15. https://doi.org/10.1016/j.virol.2020.02.002 PMID:
32056847.

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/JVI.00709-20 PMID: 32522856; PubMed Central
PMCID: PMC7431799.

Leventis PA, Grinstein S. The distribution and function of phosphatidylserine in cellular membranes.
Annu Rev Biophys. 2010; 39:407-27. Epub 2010/03/03. https://doi.org/10.1146/annurev.biophys.
093008.131234 PMID: 20192774.

Balasubramanian S, Kota SK, Kuchroo VK, Humphreys BD, Strom TB. TIM family proteins promote the
lysosomal degradation of the nuclear receptor NUR77. Sci Signal. 2012; 5(254):ra90. Epub 2012/12/
13. https://doi.org/10.1126/scisignal.2003200 PMID: 23233528; PubMed Central PMCID:
PMC3767312.

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. https://doi.org/10.1038/cdd.2016.11 WOS:000375710000006. PMID: 26915293

Amara A, Mercer J. Viral apoptotic mimicry. Nat Rev Microbiol. 2015; 13(8):461-9. Epub 2015/06/09.
https://doi.org/10.1038/nrmicro3469 PMID: 26052667; PubMed Central PMCID: PMC7097103.

Perera-Lecoin M, Meertens L, Carnec X, Amara A. Flavivirus entry receptors: an update. Viruses. 2013;
6(1):69-88. Epub 2014/01/02. https://doi.org/10.3390/v6010069 PMID: 24381034; PubMed Central
PMCID: PMC3917432.

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

Dejarnac O, Hafirassou ML, Chazal M, Versapuech M, Gaillard J, Perera-Lecoin M, et al. TIM-1 Ubiqui-
tination Mediates Dengue Virus Entry. Cell Rep. 2018; 23(6):1779-93. Epub 2018/05/10. https://doi.
org/10.1016/j.celrep.2018.04.013 PMID: 29742433.

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.

Morizono K, Chen IS. Role of phosphatidylserine receptors in enveloped virus infection. J Virol. 2014;
88(8):4275-90. Epub 2014/01/31. https://doi.org/10.1128/JV1.03287-13 PMID: 24478428; PubMed
Central PMCID: PMC3993771.

Richard AS, Zhang A, Park SJ, Farzan M, Zong M, Choe H. Virion-associated phosphatidylethanol-
amine promotes TIM1-mediated infection by Ebola, dengue, and West Nile viruses. Proc Natl Acad Sci

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009899 September 23, 2021 7/9


https://doi.org/10.1073/pnas.1019030108
http://www.ncbi.nlm.nih.gov/pubmed/21536871
https://doi.org/10.1016/j.chom.2012.08.009
http://www.ncbi.nlm.nih.gov/pubmed/23084921
https://doi.org/10.1126/science.1155164
http://www.ncbi.nlm.nih.gov/pubmed/18436786
https://doi.org/10.1086/520594
http://www.ncbi.nlm.nih.gov/pubmed/17940958
https://doi.org/10.1016/j.chom.2011.03.012
http://www.ncbi.nlm.nih.gov/pubmed/21501828
https://doi.org/10.1371/journal.ppat.1003232
http://www.ncbi.nlm.nih.gov/pubmed/23555248
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.2020.02.002
http://www.ncbi.nlm.nih.gov/pubmed/32056847
https://doi.org/10.1128/JVI.00709-20
http://www.ncbi.nlm.nih.gov/pubmed/32522856
https://doi.org/10.1146/annurev.biophys.093008.131234
https://doi.org/10.1146/annurev.biophys.093008.131234
http://www.ncbi.nlm.nih.gov/pubmed/20192774
https://doi.org/10.1126/scisignal.2003200
http://www.ncbi.nlm.nih.gov/pubmed/23233528
https://doi.org/10.1038/cdd.2016.11
http://www.ncbi.nlm.nih.gov/pubmed/26915293
https://doi.org/10.1038/nrmicro3469
http://www.ncbi.nlm.nih.gov/pubmed/26052667
https://doi.org/10.3390/v6010069
http://www.ncbi.nlm.nih.gov/pubmed/24381034
https://doi.org/10.1016/j.virol.2014.09.009
http://www.ncbi.nlm.nih.gov/pubmed/25277499
https://doi.org/10.1016/j.celrep.2018.04.013
https://doi.org/10.1016/j.celrep.2018.04.013
http://www.ncbi.nlm.nih.gov/pubmed/29742433
https://doi.org/10.1016/j.celrep.2016.12.045
http://www.ncbi.nlm.nih.gov/pubmed/28076778
https://doi.org/10.1128/JVI.03287-13
http://www.ncbi.nlm.nih.gov/pubmed/24478428
https://doi.org/10.1371/journal.ppat.1009899

PLOS PATHOGENS

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

U S A. 2015; 112(47):14682—7. Epub 2015/11/18. https://doi.org/10.1073/pnas.1508095112 PMID:
26575624; PubMed Central PMCID: PMC4664333.

Bohan D, Van Ert H, Ruggio N, Rogers KJ, Baddredine M, Brisefio JAA, et al. Phosphatidylserine
Receptors Enhance SARS-CoV-2 Infection: AXL as a Therapeutic Target for COVID-19. bioRxiv. 2021.
https://doi.org/10.1101/2021.06.15.448419 PMID: 34159331

Feng Z, Hensley L, McKnight KL, Hu F, Madden V, Ping L, et al. A pathogenic picornavirus acquires an
envelope by hijacking cellular membranes. Nature. 2013; 496(7445):367—71. https://doi.org/10.1038/
nature12029 PMID: 23542590; PubMed Central PMCID: PMC3631468.

Yin X, Ambardekar C, Lu Y, Feng Z. Distinct Entry Mechanisms for Nonenveloped and Quasi-Envel-
oped Hepatitis E Viruses. J Virol. 2016; 90(8):4232—-42. Epub 2016/02/13. https://doi.org/10.1128/JVI.
02804-15 PMID: 26865708; PubMed Central PMCID: PMC4810531.

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; PubMed Central PMCID: PMC6704014.

Nagata S. Apoptosis and Clearance of Apoptotic Cells. Annu Rev Immunol. 2018; 36:489-517. Epub
2018/02/06. https://doi.org/10.1146/annurev-immunol-042617-053010 PMID: 29400998.

Rhein BA, Brouillette RB, Schaack GA, Chiorini JA, Maury W. Characterization of Human and Murine
T-Cell Immunoglobulin Mucin Domain 4 (TIM-4) IgV Domain Residues Critical for Ebola Virus Entry. J
Virol. 2016; 90(13):6097—111. https://doi.org/10.1128/JVI.00100-16 PMID: 27122575; PubMed Central
PMCID: PMC4907230.

Santiago C, Ballesteros A, Tami C, Martinez-Munoz L, Kaplan GG, Casasnovas JM. Structures of T
Cellimmunoglobulin mucin receptors 1 and 2 reveal mechanisms for regulation of immune responses
by the TIM receptor family. Immunity. 2007; 26(3):299-310. https://doi.org/10.1016/j.immuni.2007.01.
014 PMID: 17363299.

Santiago C, Ballesteros A, Martinez-Munoz L, Mellado M, Kaplan GG, Freeman GJ, et al. Structures of
T cellimmunoglobulin mucin protein 4 show a metal-lon-dependent ligand binding site where phosphati-
dylserine binds. Immunity. 2007; 27(6):941-51. https://doi.org/10.1016/j.immuni.2007.11.008 PMID:
18083575; PubMed Central PMCID: PMC2330274.

Moon B, Lee J, Lee SA, Min C, Moon H, Kim D, et al. Mertk Interacts with Tim-4 to Enhance Tim-4-Medi-
ated Efferocytosis. Cell. 2020; 9(7). Epub 2020/07/10. https://doi.org/10.3390/cells9071625 PMID:
32640697; PubMed Central PMCID: PMC7408610.

Miyanishi M, Tada K, Koike M, Uchiyama Y, Kitamura T, Nagata S. Identification of Tim4 as a phospha-
tidylserine receptor. Nature. 2007; 450(7168):435-9. Epub 2007/10/26. https://doi.org/10.1038/
nature06307 PMID: 17960135.

Nishi C, Toda S, Segawa K, Nagata S. Tim4- and MerTK-Mediated Engulfment of Apoptotic Cells by
Mouse Resident Peritoneal Macrophages. Mol Cell Biol. 2014; 34(8):1512—20. https://doi.org/10.1128/
MCB.01394-13 PMID: 24515440

Nishi C, Yanagihashi Y, Segawa K, Nagata S. MERTK tyrosine kinase receptor together with TIM4
phosphatidylserine receptor mediates distinct signal transduction pathways for efferocytosis and cell
proliferation. J Biol Chem. 2019; 294(18):7221-30. Epub 2019/03/09. https://doi.org/10.1074/jbc.
RA118.006628 PMID: 30846565; PubMed Central PMCID: PMC6509494.

Lee J, Park B, Moon B, Park J, Moon H, Kim K; et al. A scaffold for signaling of Tim-4-mediated efferocy-
tosis is formed by fibronectin. Cell Death Differ. 2019; 26(9):1646-55. https://doi.org/10.1038/s41418-
018-0238-9 PMID: 30451988; PubMed Central PMCID: PMC6748117.

Min C, Park J, Kim G, Moon H, Lee SA, Kim D, et al. Tim-4 functions as a scavenger receptor for phago-
cytosis of exogenous particles. Cell Death Dis. 2020; 11(7):561. Epub 2020/07/25. https://doi.org/10.
1038/541419-020-02773-7 PMID: 32703939; PubMed Central PMCID: PMC7378189.

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.

Hamel R, Dejarnac O, Wichit S, Ekchariyawat P, Neyret A, Luplertlop N, et al. Biology of Zika Virus
Infection in Human Skin Cells. J Virol. 2015; 89(17):8880-96. https://doi.org/10.1128/JVI.00354-15
PMID: 26085147; PubMed Central PMCID: PMC4524089.

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):e1006848. Epub 2018/01/18. https://doi.org/10.1371/journal.ppat. 1006848 PMID: 29338048;
PubMed Central PMCID: PMC5786336.

Acciani M, Lay M, Havranek KE, Duncan A, lyer H, Linn O, et al. Ebola Virus Requires Phosphatidylser-
ine Scrambling Activity for Efficient Budding and Optimal Infectivity. Proceedings. 2020; 50(1). https://
doi.org/10.3390/proceedings2020050035

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009899 September 23, 2021 8/9


https://doi.org/10.1073/pnas.1508095112
http://www.ncbi.nlm.nih.gov/pubmed/26575624
https://doi.org/10.1101/2021.06.15.448419
http://www.ncbi.nlm.nih.gov/pubmed/34159331
https://doi.org/10.1038/nature12029
https://doi.org/10.1038/nature12029
http://www.ncbi.nlm.nih.gov/pubmed/23542590
https://doi.org/10.1128/JVI.02804-15
https://doi.org/10.1128/JVI.02804-15
http://www.ncbi.nlm.nih.gov/pubmed/26865708
https://doi.org/10.1016/j.cell.2015.01.032
http://www.ncbi.nlm.nih.gov/pubmed/25679758
https://doi.org/10.1146/annurev-immunol-042617-053010
http://www.ncbi.nlm.nih.gov/pubmed/29400998
https://doi.org/10.1128/JVI.00100-16
http://www.ncbi.nlm.nih.gov/pubmed/27122575
https://doi.org/10.1016/j.immuni.2007.01.014
https://doi.org/10.1016/j.immuni.2007.01.014
http://www.ncbi.nlm.nih.gov/pubmed/17363299
https://doi.org/10.1016/j.immuni.2007.11.008
http://www.ncbi.nlm.nih.gov/pubmed/18083575
https://doi.org/10.3390/cells9071625
http://www.ncbi.nlm.nih.gov/pubmed/32640697
https://doi.org/10.1038/nature06307
https://doi.org/10.1038/nature06307
http://www.ncbi.nlm.nih.gov/pubmed/17960135
https://doi.org/10.1128/MCB.01394-13
https://doi.org/10.1128/MCB.01394-13
http://www.ncbi.nlm.nih.gov/pubmed/24515440
https://doi.org/10.1074/jbc.RA118.006628
https://doi.org/10.1074/jbc.RA118.006628
http://www.ncbi.nlm.nih.gov/pubmed/30846565
https://doi.org/10.1038/s41418-018-0238-9
https://doi.org/10.1038/s41418-018-0238-9
http://www.ncbi.nlm.nih.gov/pubmed/30451988
https://doi.org/10.1038/s41419-020-02773-7
https://doi.org/10.1038/s41419-020-02773-7
http://www.ncbi.nlm.nih.gov/pubmed/32703939
https://doi.org/10.3390/cells10071828
https://doi.org/10.3390/cells10071828
http://www.ncbi.nlm.nih.gov/pubmed/34359995
https://doi.org/10.1128/JVI.00354-15
http://www.ncbi.nlm.nih.gov/pubmed/26085147
https://doi.org/10.1371/journal.ppat.1006848
http://www.ncbi.nlm.nih.gov/pubmed/29338048
https://doi.org/10.3390/proceedings2020050035
https://doi.org/10.3390/proceedings2020050035
https://doi.org/10.1371/journal.ppat.1009899

PLOS PATHOGENS

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Aronson JF, Herzog NK, Jerrells TR. Pathological and virological features of arenavirus disease in
guinea pigs. Comparison of two Pichinde virus strains. Am J Pathol. 1994; 145(1):228-35. Epub 1994/
07/01. PMID: 8030751; PubMed Central PMCID: PMC1887300.

Kobayashi N, Karisola P, Pena-Cruz V, Dorfman DM, Jinushi M, Umetsu SE, et al. TIM-1 and TIM-4 gly-
coproteins bind phosphatidylserine and mediate uptake of apoptotic cells. Immunity. 2007; 27(6):927—
40. Epub 2007/12/18. https://doi.org/10.1016/j.immuni.2007.11.011 PMID: 18082433; PubMed Central
PMCID: PMC2757006.

Moller-Tank S, Albritton LM, Rennert PD, Maury W. Characterizing functional domains for TIM-medi-
ated enveloped virus entry. J Virol. 2014; 88(12):6702—13. Epub 2014/04/04. https://doi.org/10.1128/
JVI1.00300-14 PMID: 24696470; PubMed Central PMCID: PMC4054341.

Tietjen GT, Gong Z, Chen CH, Vargas E, Crooks JE, Cao KD, et al. Molecular mechanism for differen-
tial recognition of membrane phosphatidylserine by the immune regulatory receptor Tim4. Proc Natl
Acad SciU S A. 2014; 111(15):E1463-72. Epub 2014/04/08. https://doi.org/10.1073/pnas. 1320174111
PMID: 24706780; PubMed Central PMCID: PMC3992656.

Kuroda M, Fujikura D, Noyori O, Kajihara M, Maruyama J, Miyamoto H, et al. A polymorphism of the
TIM-1 IgV domain: implications for the susceptibility to filovirus infection. Biochem Biophys Res Com-
mun. 2014; 455(3—4):223-8. Epub 2014/12/03. https://doi.org/10.1016/j.bbrc.2014.10.144 PMID:
25449273; PubMed Central PMCID: PMC7124303.

Ohtani H, Naruse TK, Iwasaki Y, Akari H, Ishida T, Matano T, et al. Lineage-specific evolution of T-cell
immunoglobulin and mucin domain 1 gene in the primates. Immunogenetics. 2012; 64(9):669-78. Epub
2012/06/20. https://doi.org/10.1007/s00251-012-0628-y PMID: 22710823.

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.

Saphire EO, Schendel SL, Gunn BM, Milligan JC, Alter G. Antibody-mediated protection against Ebola
virus. Nat Immunol. 2018; 19(11):1169-78. Epub 2018/10/20. https://doi.org/10.1038/s41590-018-
0233-9 PMID: 30333617; PubMed Central PMCID: PMC6814399.

Rothlin CV, Ghosh S, Zuniga El, Oldstone MB, Lemke G. TAM receptors are pleiotropic inhibitors of the
innate immune response. Cell. 2007; 131(6):1124-36. Epub 2007/12/18. https://doi.org/10.1016/j.cell.
2007.10.034 PMID: 18083102.

Kim S, Elkon KB, Ma X. Transcriptional suppression of interleukin-12 gene expression following phago-
cytosis of apoptotic cells. Immunity. 2004; 21(5):643-53. Epub 2004/11/13. https://doi.org/10.1016/.
immuni.2004.09.009 PMID: 15539151.

Cvetanovic M, Ucker DS. Innate immune discrimination of apoptotic cells: repression of proinflamma-
tory macrophage transcription is coupled directly to specific recognition. J Immunol. 2004; 172(2):880—
9. Epub 2004/01/07. https://doi.org/10.4049/jimmunol.172.2.880 PMID: 14707059.

Bhattacharyya S, Zagorska A, Lew ED, Shrestha B, Rothlin CV, Naughton J, et al. Enveloped viruses
disable innate immune responses in dendritic cells by direct activation of TAM receptors. Cell Host
Microbe. 2013; 14(2):136—-47. Epub 2013/08/21. https://doi.org/10.1016/j.chom.2013.07.005 PMID:
23954153; PubMed Central PMCID: PMC3779433.

Li M, Waheed AA, Yu J, Zeng C, Chen HY, Zheng YM, et al. TIM-mediated inhibition of HIV-1 release is
antagonized by Nef but potentiated by SERINC proteins. Proc Natl Acad Sci U S A. 2019; 116
(12):5705-14. Epub 2019/03/08. https://doi.org/10.1073/pnas.1819475116 PMID: 30842281; PubMed
Central PMCID: PMC6431140.

Li M, Ablan SD, Miao C, Zheng YM, Fuller MS, Rennert PD, et al. TIM-family proteins inhibit HIV-1
release. Proc Natl Acad Sci U S A. 2014; 111(35):E3699-707. Epub 2014/08/20. https://doi.org/10.
1073/pnas.1404851111 PMID: 25136083; PubMed Central PMCID: PMC4156686.

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: 29290843; PubMed Central PMCID:
PMC5737030.

Song D-H, Garcia G, Situ K, Chua BA, Hong MLO, Do EA, et al. Development of a blocker of the univer-
sal phosphatidylserine- and phosphatidylethanolamine-dependent viral entry pathways. Virology. 2021;
560:17-33. https://doi.org/10.1016/j.virol.2021.04.013 PMID: 34020328

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):
e0006983. https://doi.org/10.1371/journal.pntd.0006983 PMID: 31242184; PubMed Central PMCID:
PMC6615641.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009899 September 23, 2021 9/9


http://www.ncbi.nlm.nih.gov/pubmed/8030751
https://doi.org/10.1016/j.immuni.2007.11.011
http://www.ncbi.nlm.nih.gov/pubmed/18082433
https://doi.org/10.1128/JVI.00300-14
https://doi.org/10.1128/JVI.00300-14
http://www.ncbi.nlm.nih.gov/pubmed/24696470
https://doi.org/10.1073/pnas.1320174111
http://www.ncbi.nlm.nih.gov/pubmed/24706780
https://doi.org/10.1016/j.bbrc.2014.10.144
http://www.ncbi.nlm.nih.gov/pubmed/25449273
https://doi.org/10.1007/s00251-012-0628-y
http://www.ncbi.nlm.nih.gov/pubmed/22710823
https://doi.org/10.1128/JVI.00093-18
http://www.ncbi.nlm.nih.gov/pubmed/29875238
https://doi.org/10.1038/s41590-018-0233-9
https://doi.org/10.1038/s41590-018-0233-9
http://www.ncbi.nlm.nih.gov/pubmed/30333617
https://doi.org/10.1016/j.cell.2007.10.034
https://doi.org/10.1016/j.cell.2007.10.034
http://www.ncbi.nlm.nih.gov/pubmed/18083102
https://doi.org/10.1016/j.immuni.2004.09.009
https://doi.org/10.1016/j.immuni.2004.09.009
http://www.ncbi.nlm.nih.gov/pubmed/15539151
https://doi.org/10.4049/jimmunol.172.2.880
http://www.ncbi.nlm.nih.gov/pubmed/14707059
https://doi.org/10.1016/j.chom.2013.07.005
http://www.ncbi.nlm.nih.gov/pubmed/23954153
https://doi.org/10.1073/pnas.1819475116
http://www.ncbi.nlm.nih.gov/pubmed/30842281
https://doi.org/10.1073/pnas.1404851111
https://doi.org/10.1073/pnas.1404851111
http://www.ncbi.nlm.nih.gov/pubmed/25136083
https://doi.org/10.2174/1874285801711010303
http://www.ncbi.nlm.nih.gov/pubmed/29290843
https://doi.org/10.1016/j.virol.2021.04.013
http://www.ncbi.nlm.nih.gov/pubmed/34020328
https://doi.org/10.1371/journal.pntd.0006983
http://www.ncbi.nlm.nih.gov/pubmed/31242184
https://doi.org/10.1371/journal.ppat.1009899

