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Abstract Lipid rafts, solid regions of the plasma
membrane enriched in cholesterol and glycosphingolipids, are essential parts of a cell. Functionally,
lipid rafts present a platform that facilitates interaction of cells with the outside world. However,
the unique properties of lipid rafts required to
fulfill this function at the same time make them
susceptible to exploitation by pathogens. Many
steps of pathogen interaction with host cells, and
sometimes all steps within the entire lifecycle of
various pathogens, rely on host lipid rafts. Such
steps as binding of pathogens to the host cells, invasion of intracellular parasites into the cell, the
intracellular dwelling of parasites, microbial assembly and exit from the host cell, and microbe
transfer from one cell to another all involve lipid
rafts. Interaction also includes modification of
lipid rafts in host cells, inflicted by pathogens
from both inside and outside the cell, through
contact or remotely, to advance pathogen replication, to utilize cellular resources, and/or to mitigate
immune response. Here, we provide a systematic overview of how and why pathogens interact
with and exploit host lipid rafts, as well as the consequences of this interaction for the host, locally
and systemically, and for the microbe. We also raise the possibility of modulation of lipid rafts as a therapeutic approach
against a variety of infectious agents.—Bukrinsky, M. I., N. Mukhamedova, and D. Sviridov. Lipid rafts and pathogens: the art
of deception and exploitation. J. Lipid Res. 2020. 61: 601–610.
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Lipid rafts are dynamic nanometer-size scale regions of
the plasma membrane enriched in cholesterol and glycosphingolipids. They are characterized by distinct lipid and
protein composition and tight ordered lipid packing; their
structure is determined by the interaction between resident
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lipids and proteins. Structurally, they are solid bits immersed into the fluid environment of the membrane.
Functionally, they host most of the plasma membrane signaling, as well as exo- and endocytosis machineries, forming the functional platforms for the interaction of cells with
the outside world (1). Lipid rafts are structurally and functionally heterogeneous, within the cells and between the
cells, both spatially and temporally. The functional heterogeneity of the rafts is governed by a repertoire of proteins
in a particular subfraction of the rafts, which is determined
by a combination of proteins’ raft-targeting motifs and
posttranslational modifications (2).
From the microbe’s point of view, a lipid raft on the membrane of the host cell is an island with an airport in the middle of the ocean. Lipid rafts are characterized by the presence
of a high concentration of outward-looking protein molecules providing a guidance system and a landing gear to
ensure precise and safe delivery of a microbe to the right
terminal in a correct position. Lipid rafts host the endo- and
exocytosis machinery, an automated loading/unloading facility connected to a railway effectively transporting cargo to
and from the intracellular locations. Although there is a
border protection force and customs trying to prevent unlawful entry and smuggling, pathogens are rigorously selected specialists in deception and win on many occasions.
The biggest problem for the pathogens is not the host defense, but the physical size and dynamic nature of the runway: rafts are often too small for larger microbes. In response
to this limitation, microbes developed a capacity to modify
the airfield or themselves according to requirements.
Pathogens of different taxa exploit host lipid rafts to advance the infection. The most prolific users are intracellular
parasites [viruses, intracellular bacteria, protozoa, and fungi
(3)], and the lifecycle of these microbes critically depends
on host lipid rafts. Microbes that do not enter the host cell
also take advantage of the lipid rafts to gain access to the
cellular molecules not available to a microbe through its
own biosynthesis. Microorganisms can deliberately modify
lipid rafts either to adapt them according to the pathogen’s
requirements or to inactivate many immune defense pathways relying on lipid rafts. By modifying lipid rafts, however,
microbes do significant collateral damage to the host causing numerous comorbidities. It is not an intension of this
review to provide a complete list of microbes interacting
with host lipid rafts, several comprehensive reviews on this
topic have been published recently (3–5). Instead, we provide a systematic overview of the principles of interaction of
microbes with the host lipid rafts (summarized in Fig. 1)
and illustrate these principles using a selection of the most
interesting, from our point of view, examples.

BINDING
Initial physical interaction of a microbe with a host cell
is a key first step often determining what happens next,
and there is no better place to gain control of the host cell
than through initial contact with the lipid rafts. Most microbes are selective in their choice of the target cells, and
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the presence of surface receptors specific for a particular
cell type (receptor “signature”) concentrated in a confined
space, lipid rafts, determines whether to bind or not. A
high concentration of the receptors in one place also fulfils
a frequent requirement that more than one connection
needs to be made to firmly attach the pathogen to the host
and guide it to the right place. In addition, close proximity
of the rafts to endo- and exocytosis machinery, which is required for internalization of pathogens, facilitates the next
steps of infection.
Human immunodeficiency virus (HIV-1) is a well-studied
example of a virus exploiting lipid rafts for binding to the
target cell. The main HIV-1 receptor, CD4, and coreceptor,
CCR5, localize preferentially to lipid rafts (6, 7); whereas
lipid raft localization of another alternative coreceptor,
CXCR4. is only partial (8, 9). The lipid environment facilitates controlled gp120-dependent clustering of CD4 and
coreceptors during virus-cell interaction, which is required
for efficient fusion (10–12).
Another example of a medically important pathogenic
virus that uses lipid raft-localized molecules for binding is
influenza A virus (IAV). The IAV envelope protein, hemagglutinin (HA), binds to sialic acids (SAs), which are a
component of gangliosides that decorate many lipid raft
proteins (13). Because most SA-decorated proteins that
bind the virus cannot trigger IAV endocytosis on their own,
the virus has to roll over many binding sites until it attaches
to a specific entry receptor protein, such as the killer-activating proteins NKp44 and NKp46, the epidermal growth
factor receptor, or voltage-dependent Ca2+ channel Cav1.2
(14–17). The rollover is facilitated by another IAV envelope protein, neuraminidase, which degrades SA near the
binding site allowing the virus to move to another location
(18). This process is made much more efficient by concentration of SA-decorated proteins in the lipid rafts.
Bacterial and protozoan parasites also benefit from using
lipid rafts as a binding platform. A problem for these pathogens in taking advantage of the rafts is that these microorganisms are usually bigger than the rafts, so microbes
developed various strategies to deal with this limitation. For
example, the lifecycle of the Chlamydia species is dimorphic
and the infectious form of the pathogen, the elementary
body, is smaller in size (19), allowing many, although not all,
species to bind to lipid rafts (20). The exact host receptor
driving this binding is not known and the process might occur through binding of fibroblast growth factor 2 to the microbe and subsequent binding to the fibroblast growth
factor receptor (21). Shigella species attach to the rafts of intestinal cells, and the host receptor appears to be the raftassociated CD44 (22). Trophozoites of Plasmodium falciparum
enter red blood cells through lipid rafts sequentially using
multiple receptors for firm attachment and taxiing, but then
disrupt the rafts behind them when they are inside (23, 24).

DWELLING
Prions are a unique example of a pathogen where the
entire pathogenic activity takes place in lipid rafts. Prions

Fig. 1. Overview of the interaction of pathogens
with host lipid rafts. Various pathogens use a high concentration of outward looking receptors in lipid rafts
as a binding site, and raft-associated endocytosis machinery as a pathway to get inside of the host cell.
Some intracellular parasites take rafts with them during internalization and use them to communicate with
the host cell and to prevent maturation or fusion of
microbe-containing endocytic vesicles (e.g., PV) with
lysosomes. Prions find a high concentration of physiologically folded proteins in rafts converting them into
pathological form. Many pathogens modify lipid rafts,
acting both from inside and from outside the cells,
both through binding to rafts and remotely, through
releasing raft-modifying factors. Viruses often use lipid
rafts as a platform to facilitate self-assembly, and various pathogens exploit involvement of lipid rafts in
exocytosis to get out. Details are in the text.

are the most unusual infectious agents: they do not have
any genetic material and likely consist of just one protein,
a prion, in a misfolded conformation, PrPSc (25). Physiologically folded prion, PrPC, is a ubiquitous host protein
located in lipid rafts (26). When pathogenic PrPSc interacts
with host PrPC, it initiates a chain reaction of misfolding
converting host PrPC into PrPSc. A high abundance of the
rafts where PrPC is concentrated in a stable environment
sheltered from endocytosis (27) is a prerequisite for nucleation of the misfolding cascade. Furthermore, accumulation of PrPScs in rafts modifies them by displacing ABCA1,
reducing cholesterol efflux, and promoting new raft formation, thus adding another dimension to the vicious cycle
of prion diseases (28). It should be noted, however, that
internalization of prions has been described, although
it is not clear if this is part of pathogenesis or a defense
mechanism (29).

ENTRY
Usually, following binding to lipid rafts, a pathogen invades the target cell. An array of mechanisms is used by
pathogens for this step, and often the same pathogen has
various tools at its disposal, using and sometimes mixing
pathways depending on the type of host cell and environmental circumstances. The route of entry often utilizes
lipid rafts, although this is not the only option and pathogens also use raft-independent pathways, predominantly or
optionally (30).
The most straightforward way to enter a cell is to make a
pore in the plasma membrane. Making a pore is easier in a
solid environment where “a hole” can be sustained for at
least some time, i.e., in a lipid raft. However, making holes
in the rafts is associated with two potential problems for the

pathogen. First, this may irreversibly damage the host cell,
as happens during infection with Vibrio cholera (31), leading
to rapid cell death. Second, after entering through a pore,
the microbe gets into a vast intracellular space far away
from the intended destination. Therefore, many microbes
employ a modified approach where creating a pore is part
of a complex fusion event, which can take place either at
the plasma membrane or inside the cells at the membrane
of endosomes. In general, most enveloped viruses use lipid
rafts, either on the plasma or endosomal membrane, for
entry, highlighting a conundrum, as ordered lipid domains, including lipid rafts, are thermodynamically unfavorable for membrane fusion. Nevertheless, fusion between
viral and cellular membranes depends on cholesterol
and sphingolipids (32–34), which are concentrated in lipid
rafts. Possible solutions for this conundrum include cholesterol influencing fusion by modifying the conformation of
the transmembrane domain of the fusion protein, as has
been suggested for SNARE-mediated fusion (35) or gp41
(36). Further, because of its effective molecular shape (relatively small in cross-section polar group and large hydrophobic part), cholesterol is expected to, and indeed does
promote the bending of the lipid monolayer into early
hemi-fusion intermediates (37, 38). Recent studies provided a possible mechanism for the role of lipid rafts in fusion. Yang and colleagues demonstrated that line tension
at boundaries between liquid-ordered (lipid rafts) and
liquid-disordered (non-raft regions) membrane domains
driven by hydrophobic mismatch contributes energy to
drive HIV gp41-fusion peptide-mediated fusion (39, 40).
Interestingly, the amount of energy contributed to fusion
from line tension in a model system depends on the size
of fusing vesicles, and in the case of HIV infection would
favor fusion with larger raft domains (40). This consideration
is consistent with coalescence of the lipid rafts in activated
Lipid rafts and pathogens
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CD4+ T cells correlating with susceptibility to HIV infection (41, 42). It also underscores the importance of the
lipid raft dynamics for the function of these domains as
entry ports for invading viruses.
Detailed mechanisms of the virus-cell fusion process
have been extensively reviewed (43, 44). HIV has long
served as an example of a virus fusing at neutral pH with
the plasma membrane (45), although direct visualization
of HIV-1 fusion at the endosomal membranes has been
also reported (46). While HIV fusion with the endosomal
membranes has been considered a nonproductive pathway
(47), a recent study suggested that HIV-1 enters T cells
exclusively via endocytosis (48). This view has been challenged in several other reports (49–51) and remains controversial. It is likely that HIV can use alternative locations
for fusion depending on target cell type and environment.
Nevertheless, most enveloped viruses fuse with the endosomal membrane after endocytosis, and lipid rafts likely
play a role in endosomal membranes similar to that in
plasma membranes. In addition to their role in fusion,
lipid rafts on endosomal membranes may prevent or delay
maturation of the endosomes into lysosomes (52), thus
providing time for the fusion to take place.
Another classic example of a virus exploiting the endocytosis pathway for entry is the influenza virus (53). As discussed above, the virus preferentially binds to lipid rafts.
However, the virus can enter the cell both via lipid raft-dependent and raft-independent clathrin-mediated endocytosis (54). The entry pathway likely depends on the type of
infected cell and environment, but the mechanistic details
behind the selection remain unknown. The fusion process
is initiated by acidification of endosomal pH during internalization (55). Low pH triggers the conformational
changes in viral HA protein, which drive the fusion process
(56). Acidification of the endosomes also lowers the pH of
the virion interior due to the passage of protons through
the ion channel formed by the M2 protein; this acidification is required for release of the viral ribonucleoproteins
into the cytoplasm of the infected cell (57). Interestingly,
both HA and M2 proteins are targeted to lipid rafts (58, 59),
underscoring the role of these domains in influenza virus
fusion. Influenza is a good example of a pathogen exploiting
both raft and non-raft parts of the membrane for entry.
Lipid rafts are essential for entry of a large number of
other pathogenic viruses, including such deadly filoviruses
as Ebola and Marburg. Disruption of lipid rafts by cholesterol-extracting agents (e.g., cyclodextrin) blocked entry of
Ebola virus and Marbury virus invasion (60, 61). The molecular mechanisms underlying such dependence of filoviruses’ entry on rafts are not fully understood. One of the
identified receptors, folate receptor-, is a GPI-anchored
protein that localizes to rafts (62). Localization of two
other receptors, TIM-1 and TIM-4 (63, 64), has not been
characterized.
Escherichia coli K1, a cause of neonatal meningitis, enters
the endothelial cells via macropinocytosis utilizing host
pinocytosis machinery located in lipid rafts; integrity of
the host lipid rafts is paramount for the invasion to occur
(65). The same bacteria enter peripheral blood monocytes,
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macrophages and microglia using phagocytosis machinery,
also located in lipid rafts. In monocytes and macrophages,
the invasion results in propagation of the bacteria (66);
however, in microglia the infection is aborted (67). Thus,
entry via pinocytosis and phagocytosis, both involving lipid
rafts, may lead to productive as well as abortive infection
depending on a cell type.
On many occasions the exact mechanism of entry has
not been established, although the role of lipid rafts was
demonstrated. Streptococcus pneumoniae evades immunity by
hiding in erythrocytes after entering the cells via lipid rafts,
but the exact mechanism of invasion is not known (68). An
interesting example is co-infection with Porphyromonas gingivalis and Fusobacterium nucleatum, when the two infectious
agents require each other to enter the epithelial cell; they
utilize lipid rafts as an entry gate, but how this alliance
works in not clear (69).
Fungi also use host lipid rafts to enter the cell. Candida
albicans uses the phagocytosis machinery located in rafts to
enter monocytes (70), but often fungi bring their own machinery for entry. Histoplasma capsulatum requires rafts to
stabilize the microbe at the cell surface and trigger internalization (71). Encephalitozoon cuniculi, like many other
microsporidia, enters cells by discharging a hollow tube followed by formation of a parasitophorous vacuole (PV). Because initial binding occurs in lipid rafts, the parasite uses
rafts along with surrounding non-raft portions of the
plasma membrane as building material for both the hollow
tube and PV and likely uses rafts incorporated into a PV for
transport of nutrients into the PV (72).
Yet another mechanism of entry (and also exit) relying
on lipid rafts is formation of the virological synapses and
nanotubes to transfer viruses from one cell to another via a
cell-to-cell connection avoiding any contact with blood and
systemic immune factors, such as antibodies. This form of
transmission, sheltering the virus from interaction with antibodies, was described for HIV (73), cytomegalovirus (74),
human T-lymphotropic virus-1 (75), and some other viruses (76, 77). Virological synapses are responsible for the
transcytosis of HIV, where HIV is translocated across a barrier of epithelial cells, which normally are not infected by
HIV, in order to reach and infect underlying target cells
(78). Assembling intercellular contacts and nanotubes requires multiple elements to come and hold together in a
limited ordered space. Rafts are ideally suited for this, and,
at least for HIV, the key role of rafts in formation of virological synapse has been demonstrated (79).

INSIDE JOB
The important role of the host lipid rafts in the life of
intracellular microbes does not end when a pathogen is
inside, and several examples of pathogens exploiting rafts
on the membrane of endosomes were described above.
Generally, endosomal lipid rafts are used by pathogens in
three ways: as a signal to drive endosomal vesicles away
from lysosomes, as a communication channel between host
and microbe, and as a platform for the microbe replication

and assembly. Many proteins determining the destination
of an endosomal vesicle are raft proteins, and raft modification by a microbe before and during endocytosis is a way to
hijack the pathway directing it away from phagolysosome
fusion. An example is Leishmania donovani, which disrupts
clustering of dynein in rafts preventing phagosome fusion
with lysosomes (80). Another example is Chlamydia trachomatis, which binds to and internalizes through caveolae
forming caveolin-coated endocytic vesicles. These vesicles
acquire more caveolin from the Golgi, disguising the vesicles as exocytic vesicles in order to avoid fusion with lysosomes (52). Hepatitis C virus also relocalizes lipid rafts
from the plasma membrane into the autophagosome; the
resulting unique structure, “raft-autophagosome,” is capable of hosting hepatitis C virus replication machinery (81).
Many intracellular parasites dwell inside the host cells in
a PV or other forms of replicative inclusions to separate
parasite’s living quarters from the rest of the host cell. The
external membrane of these inclusions is formed during
endocytosis using fragments of the host plasma membrane,
and as microbes often bind to and are internalized from
lipid rafts, it contains elements of or entire host lipid rafts
(82). These lipid rafts are then used to deliver essential nutrients into the vacuole through the pores (72) or utilizing
raft-associated endocytosis machinery (83). Rafts, however,
require maintenance with constant delivery of cholesterol
and sphingomyelin, lipids that microbes are unable to
synthesize. Microorganisms such as Chlamydia developed
pathways to utilize cellular cholesterol, sphingomyelin, and
ceramide to maintain mosaic structure of their inclusion
membrane (84).

EXPLOITING AND MODIFYING LIPID RAFTS
Binding to, dwelling in, and invading through lipid rafts
inevitably modify rafts as described above, but facilitation
of the invasion is not the only benefit for a microbe rising
from interaction with cellular lipid rafts. Two other gains
are impaired immune response resulting from modification of lipid rafts and the possibility to exploit lipid rafts as
an access point to a source of energy and/or building materials. Importantly, a microbe doesn’t have to be inside
the cell to achieve these gains. Helicobacter pylori is a good
example: after attaching to lipid rafts in the gastric epithelium, it breaks down the rafts by removing cholesterol from
the rafts and injecting a raft-modifying effector, CagA, and
a toxin, VacA, into the cell (85). Reducing the abundance
of lipid rafts blocks interferon  and  signaling in gastric
cells preventing cytokine release and allowing H. pylori to
escape host inflammatory response (86). Apart from using
host cholesterol to build its own membrane, H. pylori expresses a unique enzyme, cholesterol--glucosyltransferase,
which converts excess cholesterol into cholesteryl glucoside (87). This, on the one hand, reduces toxicity of the
extracted cholesterol and, on the other hand, modifies
lipid rafts in macrophages inducing autophagy and increasing bacterial survival (88). Borrelia burgdorferi is a cholesterol auxotroph; it binds to the host cells and extracts

cholesterol from host rafts, either directly or through promoting formation of extracellular vesicles (EVs), to build
its own lipid rafts (89, 90).
There are many examples when interaction of pathogens with host cells profoundly changes the properties of
host lipid rafts. This applies to the rafts the pathogen interacts with, but often affects all rafts in the infected and even
in uninfected cells. The benefits for the pathogen rise from
the critical role rafts play in inflammation, immune signaling, and other forms of anti-infection defenses; modification of the host lipid rafts reduces the strength of these
defenses. Furthermore, as illustrated below, raft modification may improve local and systemic conditions for expansion of the infection, e.g., providing additional and
improved platforms for interaction of microbe with host
cells. Often impaired defenses and better replication conditions are combined and intermix with the defense responses of the host, also involving rafts, resulting in a
complex picture.
HIV increases the abundance of lipid rafts on infected
and uninfected cells creating additional capacity for virus
assembly and facilitating binding and infection by other
HIV units (91–93). The virus also modifies raft properties,
on the one hand, impairing phagocytosis, an element of
the defense mechanism (91), but on the other hand, stimulating inflammation, another element of defense response.
Stimulation of inflammation may reflect the defense response of the host, but may in fact facilitate the infection,
as HIV preferentially targets activated CD4+ T cells for infection (94). To modify lipid rafts in uninfected cells, the
virus unleashes Nef-containing EVs from infected cells,
which impair activity of ABCA1 and inhibit cholesterol efflux in targeted cells, leading to increased abundance of
lipid rafts (95). Remote manipulation of lipid rafts by EVs
is also used by Pseudomonas aeruginosa, which modifies host
lipid rafts not only after binding to them but also by packaging a swag of virulence factors into EVs (in the case of
bacteria, known as outer membrane-derived vesicles). EVs
released from the bacteria enter the host cell through lipid
rafts, modify rafts as well as many other elements of cell
metabolism, and create a favorable environment for subsequent infection (96). A different strategy for raft modification is used by cytomegalovirus. This virus does not use
lipid rafts for entry, allowing it to employ a virus-derived
pathway engaging viral protein US28 to enhance cholesterol efflux and break down/modify host lipid rafts (97),
presumably to reduce inflammation.
Shigella infection is accompanied by an increased abundance of rafts in host cells and by insertion into the host
lipid rafts of invasin IpaB, required for the binding and invasion of the bacteria (22). E. coli K1, after binding to rafts,
induces translocation of its binding receptor, Ecgp96, and
internalization cofactor, TLR2, into rafts, at the same time
inhibiting shifting into rafts of TLR4 (98). Together, these
effects allow the pathogen to use the phagocytosis pathway
while reducing the inflammatory response. Pseudomonas aeruginosa, upon contact with epithelial cells, induces sphingomyelinase, which converts host lipid rafts into larger
structures required for internalizing the bacteria; preventing
Lipid rafts and pathogens
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modification of the rafts also prevents bacterial entry and
host cell apoptosis (99). However, raft modification is also
a part of host cell’s negative regulation of cytokine response to the infection by P. aeruginosa, and disruption of
lipid rafts leads to an uncontrolled release of IL-1 and
sepsis (99), presumably in response to limited but unopposed infection occurring under these suboptimal conditions. This example shows the sometimes overlapping
activities of lipid rafts in pathogen offense and cellular defense mechanisms.

ASSEMBLY
Lipid rafts are a platform for assembly of many viruses.
The benefit of this preference is the possibility to achieve a
high concentration of viral proteins in a confined space,
which is a necessary requirement for virion assembly that
involves protein multimerization. Again, HIV is among the
best studied examples of viruses assembling at lipid rafts.
The HIV protein Gag drives virion assembly and is targeted
to lipid rafts by N-terminal myristate and a highly basic region at its N terminus (100). Assembly is associated with
multimerization of Gag, which coalesces the rafts into bigger structures that can accommodate the size of assembled
virions (100–150 nm) (101, 102). Consistent with a role of
lipid rafts as a platform to concentrate viral proteins for assembly, assembling Gag molecules largely originate from
cytoplasm (103) rather than from the membrane pool
through lateral diffusion. Importantly, the envelope proteins of HIV are also segregated into the lipid rafts during
virion assembly, and this targeting appears to be independent of the Gag-Env interaction (104, 105). Association
of HIV Env with lipid rafts is driven by a palmitoylation
signal(s) (106, 107) and lentivirus lytic peptide motifs
(108) located in the cytoplasmic tail of gp41.

EXIT
While some pathogens, such as cytolytic viruses, release
themselves by killing the host cell and breaking out, others
avoid such drastic measures using cell exocytosis machinery, which often localizes and functions in lipid rafts.
Prions, due to their very limited choice of tools, fully rely
on host machinery to be released from lipid rafts in EVs,
ensuring not only targeted and rapid transmission of the
pathogen within the host but also safe passage between the
hosts and within the newly infected host (109).
Viruses use different mechanisms of budding, but generally they involve viral proteins interacting with cellular proteins that are part of the host endosomal sorting complex
required for transport (ESCRT) machinery to release the
virus in a manner similar to exocytosis. ESCRT factors are
involved in membrane fission and release of vesicles into
endosomal multivesicular bodies (110, 111), a process similar to virus budding from the host cell. The ESCRT pathway is not known to be lipid raft-specific, but a variety of
ESCRT proteins were identified in lipid rafts (112). If ESCRT
606
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proteins are enriched in lipid rafts, it would facilitate their
recruitment to assembling virions, providing an additional
basis for selecting these membrane domains as assembly
sites. Below, we describe the budding process for HIV-1,
but a similar mechanism with certain modifications governs budding of other retroviruses (113).
Analysis of the lipid and protein composition of the HIV
membrane strongly suggests that the virus buds out from
the host cell lipid rafts using them to build its membrane,
which is enriched in sphingomyelin, cholesterol, and raftspecific proteins (114–116). However, such classical markers of lipid rafts as flotillin-1 or raft-associated proteins CD4
and CD14 are not present or are underrepresented in pure
HIV-1 preparations (115–117), suggesting that HIV budding involves a specialized raft-clustering process. HIV assembly is terminated and budding initiated by recruitment
of two early-acting ESCRT factors, TSG101 and ALIX, to
two “late domain” motifs in the p6 region of the HIV-1 Gag
precursor protein (118, 119). The “PTAP” late domain that
binds TSG101, the subunit of the heterotetrameric ESCRT-I
complex (120–122), mimics a cellular ESCRT-I recruiting
motif found in proteins in endosomal membranes (123).
The “YPXL” domain that binds the ESCRT factor ALIX is
mimicking a motif used by cellular ALIX ligands in fungi
(124), but nonviral YPXL-containing binding partners for
mammalian ALIX remain to be characterized. TSG101 and
ALIX then recruit ESCRT-III and regulating ATPase vacuolar protein sorting-associated protein 4 (Vps4), which in
turn mediate membrane fission [reviewed in (125)]. Fission
may be facilitated at the raft domain boundary by outward
bending of raft clusters (126), again underscoring the advantages of lipid rafts as virus assembly and budding platforms.
While the ESCRT-dependent budding mechanism has
been adopted by many enveloped viruses, including Ebola
virus, rabies, herpes simplex type 1, and hepatitis B (127),
some use alternative budding pathways. IAV assembles at
and buds from lipid rafts; similar to HIV, virus assembly
causes coalescence of the rafts induced by a transmembrane
domain of HA (128). However, in contrast to HIV, influenza budding is ESCRT- and Vsp4-independent (129). In
fact, influenza virus relies on its own protein, M2, to accomplish bud neck formation and bud neck scission. M2 is a
non-raft protein but is brought to the rafts by protein-protein interaction with M1 protein, which in turn is brought
to the budding assemblage by HA (130). M2 accumulates
at the boundary between the raft-like lipid microdomains
and the adjacent plasma membrane and utilizes a line tension in this region to promote bud neck constriction and
thinning, ultimately resulting in bud scission (131). The line
tension generated on the raft/non-raft boundary is a possible explanation why influenza virus, HIV-1, and many other
viruses utilize lipid rafts as their budding platform (132).
Intracellular bacteria also use rafts to get out of the host
cell. Streptococcus and Clostridium species use cytolysins to
disrupt membranes to break out, first from the phagosome
and then from the cell. Properties of cytolysins vary, but
many of them are dependent on asymmetric distribution
of cholesterol in the membrane and/or bind to cholesterol
or GPI-anchored proteins; it is most likely they bind to

and act in the lipid rafts (133–135). Cytolysin perfringolysin O was even used to map rafts using super-resolution
microscopy (136).

LIPID RAFTS AND METABOLIC COMORBIDITIES
OF INFECTIONS
Many pathogens secrete EVs, which contain a variety
of microbial products, into the bloodstream (137). Some
of these products target host lipid rafts, and not just in
the cells a pathogen is capable of infecting, but systemically, affecting many cell types in the infected host. Presumably, this activity serves to inactivate host immune defenses
and to create a metabolic milieu favoring the infection.
Intracellular microbes do this too, affecting the host organism systemically “by mail,” when infected cells release
microbial products in cell-derived exosomes or other forms
of EVs. This action, however, is indiscriminate, triggering
collateral changes that do not benefit the pathogen in an
obvious way. Cells infected with HIV release EVs containing viral protein Nef (95, 138–140). Nef reduces host protein ABCA1 increasing the abundance of lipid rafts. The
likely benefit for the virus is in increasing the abundance of
rafts on potential HIV target cells elevating the chances of
such cells becoming infected. However, the benefits of increasing the abundance of lipid rafts in cells that cannot be
infected with HIV because they do not have HIV receptors
are less obvious. For some cells, there may be an indirect
benefit for the virus: for example, reduction of ABCA1 in
hepatocytes results in hypoalphalipoproteinemia (141),
and a low level of high density lipoprotein is associated with
accumulation of cellular cholesterol and increased abundance of lipid rafts in monocytes and macrophages, cells
that can be infected with HIV. However, it is unclear how
increasing raft abundance in neurons or pancreatic cells
would benefit the virus while triggering or potentiating
such comorbidities as cognitive impairment and diabetes.
It can only be assumed that these and many other metabolic comorbidities of HIV infection are collateral damage,
a consequence of HIV not being able to target Nef where it
is really needed and affecting all cells instead. A similar example is P. falciparum. Erythrocytes infected with P. falciparum secrete EVs containing miRNAs, which trigger
inflammation and endothelial dysfunction (142); the benefits of that for the microbe are unclear.

CONCLUSIONS
Mosaic structure and the presence of lipid rafts are the
fundamental elements of the organization of the cellular
plasma membrane that are essential for its key functions, to
separate and to unite. Evolution of pathogens is tightly
linked with the evolution of the host: evolving pathogens
adapt to evolving hosts. It is not surprising that one outcome of evolutionary pressure is that many pathogenic
microbes, especially the intracellular parasites, take full advantage of the properties and functions of the lipid rafts,
hijacking them and exploiting them for their own survival.

Host lipid rafts are utilized by many pathogens at almost
every stage of their life cycle to assist in pathogen replication and dissemination, to neutralize host immune defenses, and to create a metabolic environment favoring the
infection. The widespread use of rafts by a variety of pathogens opens possibilities for creating “raft-modifying” therapeutic approaches potentially targeting a broad spectrum
of infectious agents. Given the physiological importance
of the rafts, such a therapeutic agent would be required to
provide a measured and controlled modification of the
lipid rafts, not an easy task, but examples of such fine-tuned
modulation have been described and will be discussed in
another article in this series. Furthermore, understanding
the mechanisms and consequences of raft modifications by
the pathogens often reveals novel physiological pathways
and mechanisms relying on the rafts. In this context, pathogens may be viewed not only as a foe worth killing but also
as a creative tool, similar to genetic mutations, to be used to
generate important knowledge on issues much broader
than the pathogenesis of infectious diseases.
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