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Abstract

Glycosphingolipids (GSLs) are components of the cell membrane that comprise a membrane
bound lipid, ceramide, coupled to an extracellular carbohydrate. GSLs impact numerous aspects of
membrane biology, including membrane fluidity, curvature, and organization. The role of these
molecules in both chronic inflammation and infectious disease and underlying pathogenic
mechanisms are just starting to be recognized. As a component of the cell membrane, GSLs are
also incorporated into lipid bilayers of diverse enveloped viruses as they bud out from the host cell
and can go on to have a significant influence on viral pathogenesis. Dendritic cell (DC) subsets
located in the peripheral mucosal tissues are proposed to be one of the earliest cell types that
encounter transmitted viruses and help initiate adaptive immune responses against the invading
pathogen by interacting with T cells. In turn, viruses, as obligatory intracellular parasites, rely on
host cells for completing their replication cycle, and not surprisingly, HIV has evolved to exploit
DC biology for the initial transmission event as well as for its dissemination and propagation
within the infected host. In this review, we describe the mechanisms by which GSLs impact DC-
mediated HIV trans-infection by either modulating virus infectivity, serving as a direct virus
particle-associated host-derived ligand for specific interactions with DCs, or modulating the T cell
membrane in such a way as to impact viral entry and thereby productive infection of CD4* T cells.

5.1 Introduction

Dendritic cells (DCs) play a sentinel role in the peripheral mucosal tissues, patrolling their
immediate environment for foreign pathogens. Following pathogen uptake and sensing, DCs
become activated, migrate to the draining lymph nodes, and process and present antigen in
complex with major histocompatibility complex (MHC) Class | and 1l molecules to T cells
that display cognate receptors specific for the antigen—-MHC complexes displayed on the DC
surface (Banchereau and Steinman 1998). Thus, DCs are specialized antigen-presenting
cells that effectively link the innate and adaptive immune responses (Banchereau and
Steinman 1998). Human DCs in the blood can be broadly divided into myeloid DCs (mDCs)
or plasmacytoid dendritic cells (pDCs) (Geissmann et al. 2010), and both mDCs and pDCs
specialize in the detection of virus infections and can function in innate and adaptive
immunity. While pDCs are the primary type | interferon-producing cells upon viral infection
(Liu 2005), mDCs have evolved primarily to prime and activate antiviral T cells
(Banchereau and Steinman 1998). Because of the ease of availability either from human
peripheral blood or generation in vitro from peripheral blood monocyte precursors (Sallusto
and Lanzavecchia 1994), most of the work in the literature has involved study of pathogen
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interactions with mDCs or peripheral blood monocyte-derived DCs. Though peripheral
blood monocytes are not the precursors to mDCs, monocytes can exit the blood and enter
peripheral mucosal tissues upon pathogen infection, and give rise to inflammatory DCs that
share many of the phenotypic and functional features of mDCs (Randolph et al. 1998). In
this review, we focus our attentions primarily on HIV-1 interactions with peripheral blood
monocyte-derived DCs.

DCs express a wide variety of innate receptors that recognize common pathogen-associated
molecular patterns (PAMPS), a recognition that is essential for the induction of
proinflammatory genes, DC migration and maturation, and activation of the adaptive
immune response (Medzhitov and Janeway 1997). Since viruses are obligate human
parasites that require host cell machinery to complete their life cycle, they have evolved
diverse immune evasion strategies that interfere with these intrinsic effector mechanisms in
DCs. To initiate infection, HIV must traverse the plasma membrane to gain access to the
host cell cytoplasm. While HIV entry occurs predominantly at the plasma membrane upon
sequential interactions with the receptor, CD4, and coreceptor, CCR5 or CXCR4 (Doms and
Trono 2000), some recent studies have argued for receptor-dependent endocytosis of intact
virus particles and fusion with endosomal membranes as an alternative entry mechanism
(Miyauchi et al. 2009). Endocytosis offers invading virus particles a number of benefits,
including a convenient and rapid transport across the plasma membrane and escape from
cell-surface expressed pattern-recognition receptors such as the C-type lectin receptors
(CLRs) (Figdor et al. 2002). However, the endocytic pathway is also fraught with danger for
the incoming virion. Trafficking of virus-containing vesicular compartments to a low-pH
late endosome/lysosome might lead to the degradation of viral capsids, exposure of viral
nucleic acids, and initiation of IFN-dependent antiviral responses by the endosomal resident
nucleic acid-sensing toll-like receptor (TLR) family members (Pichlmair and Reis e Sousa
2007). Alternatively, fusion of virus with DCs results in the delivery of virus core into the
DC cytoplasm, a hostile environment equipped with a battery of intracellular viral nucleic
acid-sensing RIG-I like receptors (RLRs), Nod-like receptors (NLRs), and, in the case of
HIV, intrinsic cellular restriction factors that determine the course of viral pathogenesis in
the infected host. How HIV navigates and exploits DCs for viral dissemination is a question
under active study and of significant research interest. In this review, we discuss the role of
both cell-associated glycosphingolipids (GSLs) and GSLs incorporated into HIV-1 particle
membranes in mediating virus interactions with DCs and facilitating HIV evasion and
dissemination via DC-mediated #rans-infection pathways.

5.2 Glycosphingolipids

5.2.1 Glycosphingolipids Are an Integral Component of the Cellular Membrane

GSLs are part of a larger family of membrane-associated ceramide sphingolipids, defined
simply as a sphingosine coupled to a fatty acid. The ceramide backbone is then modified to
become sphingomyelin (SM), sulfatides, or glucosylceramide (GlcCer) (reviewed in (Zeidan
and Hannun 2007; Rawat et al. 2005)). SM is one of the major membrane phospholipids
that, with cholesterol, contributes to the structure and curvature of the membrane (Varki et
al. 2008). GlcCer ultimately gives rise to the more complex GSLs, which are further broken
down into gangliosides (defined as having a terminal sialic acid), asialogangliosides, and
globosides. There are a large number of GSL variants, with gangliosides alone having over
40 known variants (Varki et al. 2008). Of the gangliosides, the monosialogangliosides GM3
and GM1 have been frequently studied, while the asialoganglioside, asialo-GM1 (the non-
sialylated equivalent of GM1), and globoside globotriaosylceramide (Gb3) are frequently
noted as examples of their respective subfamilies. Although GSLs only make up
approximately 5% of the overall membrane lipid composition, they are highly enriched in
membrane rafts (Varki et al. 2008; Bollinger et al. 2005). As HIV is known to bud from
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membrane rafts (Nguyen and Hildreth 2000; Ono and Freed 2001), this results in an
enrichment of GSLs within the HIV particle and can have significant consequences on viral
function. Likewise, many of the cellular binding partners that have been described for HIV
reside in membrane rafts and are therefore also subjected to the influence of GSLs enriched
within these domains. GSLs are therefore poised to make significant contributions to HIV
pathogenesis by impacting the virus particle directly, and by impacting the target cell.

5.2.2 Glycosphingolipid Expression Profiles and Variability in Membrane Distribution
Within a Cell

There is a high degree of complexity and several nuances to the cellular distribution and
expression profiles of individual GSLs (Zeidan and Hannun 2007; Alberts et al. 2002). For
example, gangliosides are typically expressed at high levels in the brain while globosides are
preferentially found on erythrocytes (Varki et al. 2008). Closer analyses of various disease
states have elucidated further cellular associations. The ganglioside GM1 is abundant in
intestinal epithelial cells, where it can be exploited by cholera toxin B (Alberts et al. 2002),
while Gb3 is widely expressed on vascular endothelial cells and can be recognized by
Escherichia coliverotoxin (Okuda et al. 2006). Burkitt’s lymphoma cells have been found to
express high levels of the globoside Gb3 (Nudelman et al. 1983) and a number of childhood
neurodegenerative diseases are characterized by GSL abnormalities (reviewed in (Xu et al.
2010)). However, it is the cellular distribution of GSLs within leukocytes, or the “immune
cell glycomes” (Haslam et al. 2008), that are particularly informative to our ongoing
understanding of HIV pathogenesis. Gb3 can serve as a binding partner for HIV
glycoprotein but is only found in macrophages and not T cells (Hammache et al. 1999;
Ramegowda and Tesh 1996). Although both macrophages and activated CD4" T cells have
high levels of GM3 (Hammache et al. 1999), it is found in higher levels within macrophages
than within T cells (Chan et al. 2008). These variations in cellular distribution could
potentially impact the tropism and mechanism of action of pathogens such as HIV. It is
interesting to note that Gb3, enriched on macrophages, has a strong preference to bind
CXCR4 using viruses, while GM3, enriched on T cells, preferentially binds CCR5 using
variants (Nehete et al. 2002).

Dendritic cells also show differences in their glycome profile upon maturation. Maturation
of DCs upregulates expression of varied glycosyltransferases, having broad effects on
glycan structures, thereby impacting the profile of the DC-associated glycosphingolipidome
(Haslam et al. 2008). Expression of ST3Gall, a sialyltransferase, is upregulated upon DC
maturation, resulting in increased expression of globosides and gangliosides. Similarly, bone
marrow-derived murine DCs have been shown upon maturation to increase surface
expression of globosides, while ganglioside levels are unchanged (Li et al. 2009). These
differences in DC GSL composition are particularly interesting to note in light of the
differences seen in how HIV interacts with an immature and mature DC (lzquierdo-Useros
et al. 2010; Wu and KewalRamani 2006). Though maturation of DCs results in a global
decrease in macropinocytosis and fluid-phase uptake (Austyn 1998), there is a dramatic
enhancement of HIV-1 capture and enhanced transfer of captured virus particles to T cells,
facilitated presumably by a maturation-dependent upregulation of co-stimulatory and
adhesion molecules on the DC surface (Dong et al. 2007; Fahrbach et al. 2007; Hatch et al.
2009; Izquierdo-Useros et al. 2007, 2009; McDonald et al. 2003; Wang et al. 2007;
Weissman et al. 1995). Similar to the effects observed with mature peripheral blood
monocyte-derived DCs, HIV-1 binding and capture by activated Langerhans cells derived
from cord blood CD34* stem cells (Fahrbach et al. 2007), vaginal epithelial sheets (Hladik
et al. 2007), or human skin explants (de Jong et al. 2008) were also enhanced upon
maturation. Whether differences in GSL composition upon DC maturation, and specifically
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enhancement in cell surface expression of globosides and gangliosides, can impact the
mechanism of HIV-1 capture and trans-infection by DCs remains to be determined.

In addition to cell type differences in GSLs, cell-intrinsic GSL expression levels can vary
based on cell cycle and cell activation status (Hakomori 1990). For example, control of the
cell surface expression level of gangliosides is a finely tuned process, and the Golgi-resident
enzyme, GM3 synthase, also named ST3Gal-V or Sial-T1, plays a key regulatory role
(Uemura et al. 2009). GM3 synthase catalyzes the transfer of a sialic acid residue to the
terminal galactose of lactosylceramide, resulting in the synthesis of the ganglioside, GM3,
the common precursor to nearly all of the cellular gangliosides (Kolter et al. 2002). In
agreement with early observations that GM3 levels increase upon macrophage-like cell
differentiation (Nojiri et al. 1986), the expression of GM3 synthase is dramatically
upregulated upon monocyte differentiation into macrophages (Gracheva et al. 2007). TNF-a
and other proinflammatory mediators are also associated with increased GM3 synthase gene
transcription and expression levels (Tagami et al. 2002; Blander et al. 1999). GSLs are
upregulated upon T cell activation, and Gb3 synthesis is induced in PHA/IL2-activated
PBMCs (Lund et al. 2006). Interestingly, viral infection has also been demonstrated to
impact cellular GSL levels. Both GM1 and asialo-GM1 are upregulated upon infection with
respiratory syncytial virus (Moore et al. 2008), while peripheral blood mononuclear cells
upregulate GM3 and Gb3 upon HIV infection (Fantini et al. 2000). The inducible
modulation of GSL cell content, especially under proinflammatory conditions, has the
potential to significantly impact how HIV interacts with the host cell while also influencing
the composition of the cellular membrane from which de novo virions will bud.

In addition to intercellular heterogeneity in GSL expression, there is considerable
heterogeneity in the intracellular localization of GSLs. Such subtleties in intracellular
distribution can potentially impact the nature of the specific GSLs that are ultimately
incorporated into a budding virion. Although there is a much higher concentration of GSLs
at the plasma membrane than throughout the cell, intracellular membrane compartments do
contain GSLs (Schwarz and Futerman 1997). Subcellular compartmentalization of
sphingolipid biosynthetic enzymes along the frans-Golgi network and directional vesicular
transport amongst organelle members of the endomembrane system can result in varied
intracytoplasmic membrane concentrations of GSLs (D’Angelo et al. 2007, 2012; Yamaji et
al. 2008). Within the cell, there are often higher levels of the ganglioside GM1 in the
endoplasmic reticulum, while the trans-golgi network possesses higher levels of the
ganglioside GM3 (D’Angelo et al. 2012; Yamaji et al. 2008). In some cases, such as motile
T cells, distribution of GM1 and GM3 gangliosides can be polarized in response to
chemotactic signals (Gomez-Mouton et al. 2001). While a stationary T cell shows relatively
uniform distribution of the gangliosides GM1 and GM3, polarization of the cell results in a
dramatic segregation of the two molecules, with GM3 redistributing to the leading edge,
while GM1 becomes localized to the trailing uropod (Gomez-Mouton et al. 2001).

In the absence of such dramatic polarization, GSLs can also be found segregated into
distinct membrane raft domains, sometimes at different perpendicular depths within an
otherwise laterally equivalent region of membrane, although the precise nature of
localization remains unclear. In Madin—Darby canine kidney epithelial cells, nanoscale
topographic imaging was used to show that GM3 localizes to the peaks of microvillus-like
membrane protrusions, while GM1 localizes to the valleys between the protrusions (Chen et
al. 2008). However, confocal microscopy of similar membrane structures suggested the
opposite distribution, with GM1 located in the microvilli and GM3 residing in the valleys
(Janich and Corbeil 2007). Despite these conflicting observations, both lines of evidence
demonstrate that GM1 and GM3 reside in separate membrane domains. Though assembly
and budding from GSL-enriched lipid rafts is a feature that is well conserved amongst
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diverse nonsegmented RNA virus families, including members of the orthomyxovirus and
filovirus families (Suomalainen 2002), this segregation of unique GSL-containing plasma
membrane microdomain sites may also help to explain the selective partitioning of virus
assembly sites when a single cell is co-infected with two distinct “raftophillic” enveloped
viruses, such as HIV-1 and Ebola (Leung et al. 2008) or HIV-1 and influenza (Khurana et al.
2007). In both instances, the HIV-1 glycoprotein is found to localize in membrane domains
distinct from those containing Ebola GP or influenza HA glycoproteins.

5.3 The Role of Glycosphingolipids in Cellular Functions and Viral
Pathogenesis

A growing body of research is steadily unveiling the requirement of GSLs in a breadth of
cellular functions (reviewed in (Xu et al. 2010)). In broad terms, GSLs can act as cellular
signaling molecules and contribute to membrane architecture, organization, fluidity, and
rearrangements (Hakomori 1990; Hakomori et al. 1998). One mechanism by which GSLs
exert these functions is through membrane rafts. Rafts are fluid membrane microdomains,
typically 10-50 nm in diameter (Varki et al. 2008), that comprise cholesterol,
sphingomyelin, and GSLs. These domains are believed to play a key role in membrane
organization and are found to be enriched in specific types of molecules such as tetraspanins
and GPl-anchored proteins (Simons and Gerl 2010). Membrane rafts have been shown to
play a central role in receptor recruitment, rearrangement, and clustering (Nguyen et al.
2005), and raft-associated GSLs have been well established to act as cell surface signaling
molecules that trigger membrane rearrangements (Nguyen et al. 2005; Hakomori and Handa
2002). This is highly relevant to HIV interactions with the target cell and is in part
demonstrated by the role of GSLs in the recruitment and clustering of HIV receptors CD4
and CCR5 (Hug et al. 2000). While this review focuses on HIV, it is worth noting that
several different viruses have been documented to exploit GSLs to also gain entry into the
host cell. A range of viruses including members from orthomyxovirus (Suzuki et al. 1985),
rhinovirus (Grassme et al. 2005), paramyxovirus (Cooling et al. 1995; Epand et al. 1995),
and polyomavirus (Tsai et al. 2003; Haslam et al. 2008) virus families have all been
described to use GSLs as attachment and entry factors.

5.3.1 HIV Buds from Lipid Rafts and Incorporates GM3

In addition to roles in virus entry, membrane rafts play a crucial role in HIV-1 assembly and
release (Nguyen and Hildreth 2000; Ono and Freed 2001, 2005). Assembly of HIV-1
particles within lipid rafts involves multiple steps, all mediated by the viral Gag protein,
which is sufficient for the assembly and release of virus particles (Adamson and Freed 2007;
Ono and Freed 2001, 2005). Stable HIV-1 Gag lipid-raft membrane association is
accomplished by a bipartite motif that includes a fatty acid myristate, added co-
translationally to the N-terminus of Gag, and the first 31 amino acids of the HIV-1 matrix
(MA) protein that form a highly basic patch on the surface of the protein (Spearman et al.
1994; Zhou et al. 1994; Lindwasser and Resh 2002; Ono et al. 2004; Ono and Freed 1999;
Bryant and Ratner 1990), and allows for specific contacts with the inner leaflet of
phosphatidylinositol (PI) 4,5-bisphosphate [P1(4,5)P5]-enriched plasma membrane (Ono et
al. 2004; Saad et al. 2006).

The general lipid composition of the HIVV-1 membrane has been quantitatively analyzed by
mass spectrometry and shown to comprise 45.1% (molar percentage) cholesterol, 8.8%
phosphatidyl choline (PC), 4.4% Phosphatidylethanolamine (PE), 14.8% plasmalogen-PE
(PI-PE), and 8.4% phosphatidylserine (PS) (Brugger et al. 2006; Chan et al. 2008). Although
it is clear that HIV particles incorporate host-derived gangliosides, the precise nature and
relative proportion of those gangliosides remain unclear, mainly because of lack of robust
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quantitative mass spectrometry approaches to accurately determine GSL contents of virions.
This may also be in part due to the inherent variability of GSL expression within the
producer cell, and may further reflect true variations in viral GSL content during the course
of natural infection that are acutely dependent upon immune activation status and the
cellular source of progeny virions.

Multiple studies have suggested that HIV-1 particles incorporate both GM1 and GM3
gangliosides (Nguyen and Hildreth 2000; Chan et al. 2008; Wubbolts et al. 2003). However
a recent report demonstrates that HIV-1 Gag assembly occurs at GM1-deficient lipid rafts,
suggesting that GM1 is not incorporated into the virion (Lehmann et al. 2011). Results from
our lab support this finding and demonstrate that direct staining of viral particles derived
from the macrophage-like THP-1 cells is only able to detect appreciable levels of GM3, but
not GM1 (Puryear et al. 2012). Interestingly, within the same cell, GM3 and GM1 seldom
colocalize (Freund et al. 2010; Fujita et al. 2007). Thus matrix-dependent HIV-1 Gag
targeting to unique plasma membrane microdomains might provide specificity in the types
of GSLs incorporated into the budding virus particles. In further agreement for a role of viral
incorporation of GM3 in HIV pathogenesis, a functional genomic screen found that
knockdown of Gb3 and GM3 in the producer cell led to virions that were deficient in
establishing infection (Brass et al. 2008). Interestingly, HIV-1 patients exhibit a significant
overexpression of GM3 and Gb3 on their lymphocyte plasma membranes (Sorice et al.
1996) while also developing antibodies to both of these GSLs (Fantini et al. 1998). This
correlative evidence lends further support to the idea that viral incorporation of GM3 is an
important component of HIV-1 pathogenesis.

5.4 Mechanisms of HIV-1 Interactions with Dendritic Cells

It is well documented that the HIVV-1 Envelope (Env) interacts with DCs via a number of
attachment factors. The C-type lectin receptors such as DC-SIGN (expressed in the sub-
epithelial rectal and lamina propria DCs) (Geijtenbeek et al. 2000; Jameson et al. 2002),
mannose receptor (expressed on dermal DCs) (Turville et al. 2002), langerin (expressed on
Langerhans cells in the skin and the genital epithelia (Hladik et al. 2007; Turville et al.
2002)), and DCIR (Lambert et al. 2008) are some of the best-described mechanisms of HIV
capture by DCs. These receptors interact with virus particles by binding high-mannose
oligosaccharides on the heavily glycosylated HIV Env (Feinberg et al. 2005; Guo et al.
2004; Lin et al. 2003). HIV Env can also bind to DCs by interacting with the charged
residues of heparin sulfate proteoglycans (HSPG) (Mondor et al. 1998) or syndecans
(Bobardt et al. 2003; de Witte et al. 2007a), as well as the GSL, galactosylceramide
(Magerus-Chatinet et al. 2007). In addition, DCs have been shown to express HIV entry
receptors, CD4 and CCR5 (Lee et al. 1999; Turville et al. 2002). Hence, the fate of the virus
particle within DCs is dependent on the type of receptor(s) that HIV engages.

Productive or cis-infection of DCs, though feasible (Burleigh et al. 2006; Turville et al.
2004; Cameron et al. 2007), is ineffective for a myriad of reasons, including low CD4/CCR5
levels on the DC surface (Lee et al. 1999), as well as the presence of potent interferon-
dependent (Granelli-Piperno et al. 1997; Neil et al. 2008, 2007; Pion et al. 2006, 2007; Van
Damme et al. 2008) and interferon-independent antiviral restriction mechanisms (Granelli-
Piperno et al. 1995, 1997). In vivo estimates of HIV-1-infected DCs is 10-100 times lower
than that of HIV-1-infected CD4* T cells (Hosmalin et al. 1995; Mcllroy et al. 1995), while
in vitro, only 1-3% of peripheral blood mDCs can be productively infected (Smed-Sorensen
et al. 2005). Recent studies have defined the molecular details of one such restriction
mechanism that blocks HIV-1 infection of DCs at an early step in the viral life cycle
(Hrecka et al. 2011; Laguette et al. 2011). SAMHD1, a protein that contains a sterile a.-
motif and an HD domain, is a deoxynucleotide triphosphohydrolase enzyme expressed in
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monocytes, DCs, and macrophages that suppresses cellular ANTP levels to inhibit virus life
cycle at the reverse transcription step (Goldstone et al. 2011; Lahouassa et al. 2012; Powell
et al. 2011). These recent findings provide a mechanistic basis for the previous observations
in the literature on the relative paucity of productively infected peripheral blood monocyte-
derived and myeloid DCs (Cameron et al. 2007; Smed-Sorensen et al. 2005; Lore et al.
2005).

Interestingly, many primate lentiviruses, including SIV e and HIV-2, but not HIV-1 or
SIVp,, express the accessory protein, Vpx, to target SAMHD for degradation and facilitate
productive infection of DCs (Goujon et al. 2006, 2007; Lim et al. 2012). Forced expression
of SIVmac VPX gene in HIV-1-exposed DCs can rescue HIV-1 infection (Goujon et al. 2006,
2007), but the ensuing proviral transcription and translation result in the triggering of cryptic
cytoplasmic sensors that detect newly synthesized HIV-1 proteins (Manel et al. 2010). Lack
of SAMHD1-specific antagonizing function in HIV-1 has led to the provocative hypothesis
that HIV-1 actively avoids the productive infection pathway in DCs to avoid activation of
viral sensors and induction of antiviral signaling cascades (Manel et al. 2010).

In contrast to cis-infection, DCs have long been proposed to capture and internalize HIV-1
particles without initiating fusion. Interactions of HIV-1 with CLRs such as DC-SIGN have
been implicated in targeting captured HIV-1 particles in immature DCs to intracellular
endosomal compartments and subsequently to sites of DC-T cell infectious synapses
(Arrighi et al. 2004a, b; Garcia et al. 2005). Such an HIV trafficking mechanism facilitated
by DC-SIGN has been hypothesized to provide an escape mechanism for virus by targeting
intra-cytoplasmic compartments that allow for viral persistence and evasion from lysosomal
degradation pathways (Engering et al. 2002; Kwon et al. 2002). However, subsequent
reports have questioned this hypothesis, and demonstrated DC-SIGN-dependent targeting of
HIV to degradative pathways (Smith et al. 2007) and subsequent presentation of viral
antigens via Class | MHC molecules (Moris et al. 2004, 2006). In contrast to DC-SIGN, the
CLR, langerin, expressed on skin and vaginal epithelial CD1a* Langerhans cells (LCs), has
been proposed to act as a “barrier” to HIV-1 infection. HIV-1 particles captured by langerin*
LCs in vitro were endocytosed within Birbeck granules and targeted for degradation (de
Witte et al. 2007b). Furthermore, endocytosis of model antigens by CLRs, such as the
macrophage mannose receptor and Dectin-1, has been actively targeted to synergize with
TLR-agonists for effective vaccine strategies (Bonifaz et al. 2002; Boscardin et al. 2006;
Bozzacco et al. 2007). These studies hence question the prevailing hypothesis that CLRs are
targeted by HIV to evade innate host defenses, and suggest that HIV-1 particles utilize
alternative pathways to access compartments within DCs for persistence and evasion from
host immune defenses.

In contrast to gp120—-CLR-dependent interactions of HIV with DCs, our data argues for an
existence of CLR-independent, GSL-dependent interactions of virus particles with DCs
(Izquierdo-Useros et al. 2009; Hatch et al. 2009; Gummuluru et al. 2003). Interestingly,
primary blood mDCs do not express DC-SIGN or other CLRs, and can capture and transfer
HIV-1 particle to CD4* T cells (1zquierdo-Useros et al. 2007; Turville et al. 2001).
Furthermore, HIV capture by DCs is dramatically enhanced upon maturation (Izquierdo-
Useros et al. 2009). Interestingly, mature DCs downregulate surface DC-SIGN and CLR
expression and enhancement of HIV-1 capture is largely independent of Env (Gummuluru et
al. 2003; Hatch et al. 2009; Izquierdo-Useros et al. 2007, 2009; Puryear et al. 2012). HIV
particles entirely lacking Env are still bound by mature DCs at levels similar to those of
fully infectious Env-containing particles. This has been demonstrated with both Env-
deficient infectious particles and Gag-EGFP-containing virus-like particles (Hatch et al.
2009; Izquierdo-Useros et al. 2009). Likewise, pretreatment of mature DCs with agents that
block Env-dependent capture, such as mannan (to block CLRs), anti-CD4-neutralizing
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antibodies (to block gp120—CD4 binding), or oligomeric soluble Env trimers (sgp140 to
block all Env-mediated binding), also had minimal impact on viral capture (Gummuluru et
al. 2003; Hatch et al. 2009). It is not surprising that HIV-1 gp120-independent attachment
mechanisms can exist, considering that there are only 7-14 trimeric gp120 spikes irregularly
clustered on the surface of an HIV-1 particle (Zhu et al. 2006), thus leaving open the
possibility that host cell-derived determinants incorporated into the virus lipid bilayer can
impact virus capture.

5.5 HIV Incorporation of the Host-Derived Ganglioside GM3 Allows the
Virion to Bind DCs Independent of the HIV Glycoprotein

Alterations in HIV incorporation of GSLs do however lead to a dramatic decrease in virus
capture by mature DCs (Hatch et al. 2009; Izquierdo-Useros et al. 2009). Virions derived
from producer cells, rendered deficient in GSL levels, either by targeting GSL biosynthesis
pathways by small molecule inhibitors or RNAI targeting GSL biosynthetic enzymes, show
a dramatic decline in capture by mature DCs (Hatch et al. 2009; Izquierdo-Useros et al.
2009; Puryear et al. 2012). More specifically, capture of HIV-1 particles with or without
Env by mature DCs is competitively inhibited by anti-GM3 antibodies and/or by GM3-
containing liposomes while GM3 enrichment of HIV particles leads to enhanced DC capture
(Puryear et al. 2012). GM3 enrichment can be artificially achieved by the addition of
exogenous lipid to virus-producing cells; however changes in the producer cell can also
result in concomitant changes in virion levels of GM3 incorporation. Upon stimulation with
a synthetic TLR2/1 ligand Pam3CSK4 or Phorbol 12-myristate 13-acetate (PMA),
moncytoid THP-1 cells can be induced to express high levels of surface GM3. HIV particles
derived from unstimulated (monoycte-like) or stimulated (macrophage-like) THP-1 cells
incorporate low or high levels of GM3, respectively. As compared to untreated THP-1 cells,
virus produced from stimulated THP-1 cells displays an enhanced DC capture phenotype.
This suggests that viruses derived from activated monocytes or T cells in vivo would also
result in enhanced incorporation of GM3 within progeny virions with concomitant
enhancements in DC capture and trans-infection.

Although the in vitro model of HIV-1 capture by DCs highlights the role of ganglioside
GM3, it is possible that the related ganglioside GM1 could also play a similar role in vivo.
Similar levels of increased DC capture are observed when virions are exogenously enriched
with GM1 (Puryear et al. 2012). However, derivation of HIV-1 particles from Pam3CSK4-
stimulated THP1 cells, that display a dramatic increase in cell surface GM1 expression,
resulted in no associated increase in virion incorporation of GM1, and negligible
enhancement in DC capture of HIV virions (Puryear et al. 2012). GSL binding interactions
typically require a high avidity-binding event to overcome their inherently low-affinity
interactions. It is therefore possible that even though GML1 is capable of mediating virion
capture by DCs, the concentration of GM1 incorporated into the viral particles does not
surpass a minimum threshold necessary to overcome the low-affinity binding interaction.
This evidence suggests that in the in vitro model systems under study, HIV particles do not
incorporate high enough levels of GM1 to mediate DC capture by the ganglioside-dependent
mechanisms. It therefore follows that in vivo differences in cell type-specific GSL
expression levels could tip the balance as to which ganglioside is incorporated into a de
novo virion at high enough concentrations to mediate DC capture.
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5.6 GSLs Impact Trans-infection by Influencing Membrane Fluidity on the
Cells and on the Viron
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DCs play a central role in viral dissemination through the process of frans-infection. DCs
capture virus and traffic the particles to a DC-T cell junction. It remains unclear if the virus
is maintained in an internal compartment (Frank et al. 2002; Garcia et al. 2005; 1zquierdo-
Useros et al. 2009; Wiley and Gummuluru 2006) or is surface associated (Cavrois et al.
2002; Yu et al. 2008) but regardless of the precise location, virus particles are maintained in
an infectious form (Geijtenbeek et al. 2000) and ultimately transferred to CD4* T cell to
establish productive infection by formation of “infectious synapses” between virus-
containing DCs and T cells (McDonald et al. 2003; Pope et al. 1994; Frankel et al. 1996;
Cameron et al. 1992). Furthermore, mDCs, pDCs, and langerhans cells all use similar
mechanisms of HIV-1 trans-infection to T cells (Fahrbach et al. 2007; Lore et al. 2005).

A cardinal feature of HIV-1 infections is high level of chronic immune activation, which has
been shown to be a strong predictor of disease progression in vivo (reviewed in (Douek et al.
2009)). DCs derived from peripheral blood of HIV-1-infected individuals have invariably
been shown to be hyperresponsive to immune activation stimuli, such as TLR7/8 ligands
(Sabado et al. 2010), thus triggering secretion of high levels of proinflammatory mediators
and prolonged activation of T cells, a condition that is especially suitable for sustenance of
high levels of virus replication in the lymph nodes. In fact, some estimates have placed the
average daily production of HIV-1 at approximately 1 x 1010 virions, with much of the virus
replication occurring in the paracortical regions of the peripheral lymphoid organs that are
composed predominantly of DCs and CD4" T cells (Embretson et al. 1993; Finzi and
Silliciano 1998; Pantaleo et al. 1993; Coffin 1996). Intriguingly, immune activation stimuli
upregulate cell surface expression of GM3 in CD4" T cells and macrophages (Blander et al.
1999; Nojiri et al. 1986; Tagami et al. 2002; Gracheva et al. 2007), and hence, enhanced
incorporation of GM3 on HIV-1 particles derived from these cells (Puryear et al. 2012).
Furthermore, exposure to proinflammatory mediators enhances the ability of DCs to capture
and disseminate HIV-1 particles (Izquierdo-Useros et al. 2007, 2009, 2010; Wang et al.
2007; Wu and KewalRamani 2006) in a GM3-dependent manner (Puryear et al. 2012).
These findings highlight the nefarious nature of HIV to use DCs as vehicles for widespread
dissemination within the host.

GSLs contribute to this process in a number of ways that have previously been reviewed
(Lingwood and Branch 2011; Waheed and Freed 2010), and additional mechanisms are sure
to be uncovered as our understanding of intracellular viral trafficking continues to expand.
The formation of the infectious synapse between DCs and T cell is likely under significant
influence from the membrane composition of GSLs both on the DC and the T cell. Synapse
formation requires a large degree of membrane rearrangement in order for synaptic junction
molecules to assemble at the site of contact. GSLs have an established ability to trigger
membrane rearrangements (Hakomori and Handa 2002; Nguyen et al. 2005) and have been
shown to play an important role in the recruitment and clustering of HIV receptors CD4 and
CCR5 (Hug et al. 2000). Productive infection of the partnering T cell can be influenced by
GSL content, not only for the GSL contribution to receptor rearrangement, but also for GSL
contributions to membrane fusion that are required for viral entry. GSL depletion has been
shown to inhibit viral fusion (Hug et al. 2000; Puri et al. 1998, 2004) and Gb3 and GM3 in
particular can impact HIV-1 fusion with primary T cells (Brass et al. 2008). This inhibition
is likely attributed to either an impairment of lateral receptor mobility or impairment of
fusion pore formation. Reconstitution of the GSL-depleted membrane with Gb3 or GM3
restores the ability of HIV to establish infection (Hug et al. 2000; Puri et al. 1998, 1999).
Similarly, the enrichment of target cells with Gb3 or GM3 can enhance viral infection
(Hammache et al. 1999; Hug et al. 2000; Nehete et al. 2002). Recent reports further suggest
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that GSL content, particularly GM3, can impact CD4* T cell receptor signaling and
activation, which could further impact the formation of the immunological synapse (Zhu et
al. 2011; Nagafuku et al. 2012).

The GSL composition of the HIV-1 particle itself can also impact how efficiently the virus
is transferred from DCs to CD4* T cells. Our recent work demonstrating a role for
gangliosides in DC capture also found that GSL content impacts DC-mediated #rans-
infection. HIV particles produced from cells where GSL synthesis was inhibited produced
virions with impaired transfer (Hatch et al. 2009). In contrast, HIV particles that were
enriched for GM3 incorporation show enhanced T cell frans-infection (Puryear et al. 2012).
Upon contact of the viral particle with the T cell, it remains unclear how many Env spikes
are required for productive infection to occur (YYang et al. 2005; Magnus et al. 2009). Some
studies suggest that two or more spikes may be required (Magnus et al. 2009) and the spatial
requirements of binding may require the Env spikes to relocate within the viral membrane.
The ability of the glycoprotein cytoplasmic tail, gp41, to move laterally within the virion is
influenced by both cholesterol and sphingomyelin, and impairment of this mobility can lead
to a potential decrease in the ability of the virus to fuse with the target cell (Saez-Cirion et
al. 2002). Since gangliosides are known to impact membrane fluidity it is also within reason
that differences in ganglioside composition of the virus also have a similar effect. This is
supported by the evidence from a functional genomic screen showing that virions produced
from Gb3- or GM3-deficient cells go on to be impaired for establishing productive
infections (Brass et al. 2008).

5.7 Conclusions and Future Directions

Mounting evidence shows that GSLs impact DC capture and #ans-infection of HIV on
multiple levels; however several key questions still remain. One particularly fascinating area
of inquiry warranting further investigation is that of immune evasion strategies of HIV in
DCs and the ways in which GSLs may contribute to HIV’s ability to hijack the DC for
efficient dissemination. The ability of HIV to be captured by DCs and to remain in an
infectious form that can subsequently be delivered to CD4* T cells to establish productive
infection remains an enigma. Given the data discussed in this review, future efforts would be
well spent to address the contribution of cellular GSLs in trafficking the virus through the
DC to a non-lysosomal compartment of the cell.

The ability of HIV to interact directly with DCs via GSLs is particularly intriguing in this
regard. It is possible that by binding to a GSL-recognizing receptor, the virus triggers a
signaling event that results in membrane rearrangements and provides a mechanism by
which the virus can efficiently “surf” the DC membrane. Such interactions may permit the
virus to access trafficking pathways within the DC that are separate from the endosomal
pathways typical of gp120—CLR binding, or the predominantly dead-end productive
infection pathway resulting from gp120 engagement of CD4 and coreceptor. It will be
interesting to discern the relative contribution of the various DC binding mechanisms to
overall pathogenesis and to better understand how each pathway contributes to the fate of
the virion in vivo (Fig. 5.1). Future research should address the proportional frequency of
each type of binding event and determine which pathway is preferentially utilized in natural
infection and how differences in immune activation or disease state affect preferential
receptor engagement. Likewise, given the role of GSLs in DC capture and viral infectivity
and given the variability in cellular GSL expression based on cell type and activation status,
the contribution of GSLs to overall viral fitness is an additional area of research that
warrants further exploration. Viral particles that are otherwise genetically identical could
show dramatic differences in viral fitness based simply on the GSL composition that is
incorporated into their viral envelopes.
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The contribution of virally incorporated gangliosides to DC capture and trans-infection is,
we believe, a particularly provocative one. The identification of the DC receptor that
captures HIV-1 particles in a GM3-dependent manner might provide a potentially novel
target for early intervention strategies such as microbicides. To date, all such efforts have
been directed against the HIV Env. This has been a particularly challenging target due to the
inherent variability and rapid evolution of the viral protein. If further studies verify that a
substantial proportion of the early interaction between HIV and the sentinel mucosal DCs is
actually mediated by a host-derived ganglioside that is incorporated into the virus
membrane, this provides a much less fickle target and one that is potentially much more
difficult for the virus to mutate around. Rigorous studies would clearly need to be pursued to
ensure that targeting a host ganglioside on HIV does not have detrimental effects on normal
functions within the host.

Several studies have shown that exosomes and HIV-1 particles have shared physical
properties, including approximate size, composition, and GM3 enrichment (Chan et al.
2008; Wubbolts et al. 2003). Interestingly, DC trafficking characteristics are also very
similar between exosomes and HIV. The two types of particles compete for DC capture
(Izquierdo-Useros et al. 2009), traffic to a tetraspanin-rich region of the DC to evade
lysosomal degradation (Wiley and Gummuluru 2006; Gould et al. 2003), and ultimately
arrive at the immunological synapse (Hladik and McElrath 2008; Izquierdo-Useros et al.
2010). This is particularly intriguing given the ways in which the HIV particle mirrors an
exosome’s GSL composition, and may represent a novel form of molecular mimicry that
mediates viral immune evasion.

For the purpose of navigating through the DC, avoiding degradation, and retaining
infectivity and competency for transfer at the DC-T cell infectious synapse, exosome
mimicry is a fortuitous one for HIV, in that the virus particle presumably appears to the
immune system as a “self-antigen.” This propensity to hide in plain sight would provide an
efficient means of escaping recognition and degradation by the DC. In addition to immune
evasion, exosome mimicry provides an efficient means of DC-mediated viral dissemination.
Exosomes are part of an intrinsic DC #rans-dissemination pathway that have been postulated
to help sustain an elevated immune response by providing a means to gather and store
antigen (lzquierdo-Useros et al. 2009, 2010) while controlling endosomal acidification
(Savina et al. 2006). The antigen-containing exosomes avoid fusion (Gould et al. 2003;
Izquierdo-Useros et al. 2009) and go on to cross-present antigen to T cells (Savina et al.
2006). Exosomes also serve as a means of intercellular communication, again avoiding
fusion while transiting through DCs and providing a mechanism to deliver membrane
proteins, signaling proteins, mMRNA, and miRNA (Record et al. 2011). Hence, the process of
HIV trans-infection draws many parallels to the exosome process of trans-dissemination, in
that upon arrival at the DC-T cell infectious synapse, the virus is then free to infect CD4* T
cells through conventional interactions between HIV Env and CD4/coreceptor.

The burgeoning of our understanding as to how GSLs impact numerous areas of cellular
biology and immune function and how these mechanisms impact viral pathogenesis is an
exciting one. This is sure to be an active area of research in the coming years and will
undoubtedly yield intriguing new insights for both HIV and immune function. It is our hope
that such insights will also yield promising new treatment directions as these novel pathways
are further defined.
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Fig.5.1.

Model of HIV-1 interactions with dendritic cells. HIV-1 gp120-independent virus capture
mechanism by DCs is dependent on the ganglioside GM3. Recognition of virus particle-
associated GM3 by a yet-to-be identified DC receptor results in trafficking of virus particles
to CD81* compartments, and upon initiation of DC-T cell contact, re-localization of the
virus particles to the DC-T cell infectious synapse. Exposure of virus producer cells to
proinflammatory mediators, such as microbial TLR ligands, results in enhanced expression
of GM3 in the virus producer cell, and hence, enhanced incorporation of GM3 in the
budding virus particles. Immune activation and maturation of DCs result in enhanced
capture of HIV-1 particles by DCs, establishment of long-lived contacts with CD4* T cells,
and enhanced trans-infection of CD4™ T cells. We posit that recognition of HIV-1 gp120 by
pathogen recognition receptors such as CLRs is an integral part of the host innate response
to the invading virus, while GSL-dependent interactions of HIV with DCs are part of the
virus evasion response
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