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Abstract

THE BIOLOGICAL NATURE OF THE VIRUS-CONTAINING
COMPARTMENTS IN HIV-1-INFECTED PRIMARY HUMAN
MACROPHAGES: THE ROLE OF TETHERIN

By
HIN CHU

HIV assembly and release occurs at the plasma membrane of human T
lymphocytes and model epithelial cell lines, whereas in macrophages intracellular sites of
virus assembly or accumulation predominate. Despite an extensive amount of
investigation, the precise nature and origin of the virus-containing compartments (VCCs)
in infected macrophages has remained controversial. In this dissertation, we carefully
assessed the biological nature of the VCCs in infected MDMs. In addition, we defined the
role of tetherin in MDMs. Our results indicate that tetherin plays an important role in
HIV accumulation and dissemination in infected MDMs, and our data provide new
insights into the formation of VCCs in infected MDMs.

We investigated the biological nature of the VCCs by examining the accessibility
of the VCCs from the external environment. Our experiments revealed that antibodies,
cationized ferritin, and low molecular weight dextran were excluded from the majority of
VCCs. At the same time, an endosomal-targeting mutant virus was also targeted to the
VCCs where wildtype virus accumulated. These results indicate that the majority of
VCCs in macrophages are not open to the external environment. In parallel, we
demonstrated that tetherin is highly enriched at the site of HIV particle accumulation or
assembly in infected macrophages, and that tetherin acts as a physical tether in this
compartment as it does on the plasma membrane of T cells. We additionally
demonstrated that tetherin is upregulated upon HIV infection, and that tetherin
upregulation is not prevented by Vpu. Tetherin knockdown promoted cell-cell
transmission of HIV-1 from infected MDMs to T cells. Importantly, depletion of tetherin
markedly diminished the size and altered the distribution of the VCCs, suggesting that
tetherin was required for the formation of VCCs.

Taken together, our result support a model in which tetherin plays a critical role in
the accumulation of HIV-1 in infected human macrophages and in transmission from this
cell type to others. Understanding further mechanistic details of the role of tetherin in
HIV retention or release in macrophages, and of the reduced ability of VVpu to counteract
tetherin in macrophages, will be important in efforts to eradicate potential reservoirs of
HIV in infected individuals and in understanding cell-to-cell transmission events in vivo.
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I. BACKGROUND

HIV/AIDS

Human Immunodeficiency Virus (HIV) is a lentivirus that belongs to the
Retroviridae family. HIV is the causative agent of Acquired Immunodeficiency
Syndrome (AIDS). There is currently no vaccine for HIV and no cure for HIV
infection/AIDS. Transmission of HIV occurs through three major routes including
unprotected intercourse, contaminated needles, and vertical perinatal transmission from
mother-to-child. Infected individuals will in general experience three stages of disease
progression if not treated, including acute infection, clinical (not virologic) latency, and
then progression to symptomatic manifestations of AIDS. An HIV-infected individual is
defined as having developed AIDS when his or her CD4 count drops to 200 cell/ml or
below or when the person is diagnosed with one or more of the AIDS-defining
opportunistic infections, including Candidiasis, Toxoplasmosis, Coccidioidomycosis,
Kaposi’s sarcoma, Mycobacterium tuberculosis, and others. Although most untreated
individuals infected with HIV will eventually develop AIDS, a group of HIV-infected
individuals known as long-term non-progressors (LTNP) control viral replication for
prolonged periods of time. Some of the LTNP eventually develop AIDS after 20-30 years
of latency in the absence of antiretroviral medications. A schematic plot of typical HIV-1

disease progression is depicted in Figure 1 (Adapted from (Feinberg and Moore, 2002)).
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Figure 1. Schematic plot of typical HIV-1 disease progression. HIV-1 infection of
humans results in highly variable rates of disease progression that are associated with set-
point levels of virus replication and rates of decline of peripheral CD4" T cells. A
schematized typical course of progression to AIDS following initial HIV-1 infection is
shown, characterized by chronic intermediate levels of plasma viremia, a steady loss of
peripheral CD4" T cells, and the development of AIDS after 7-10 years.



HIV/AIDS Epidemiology

HIV-1 has become widespread in human populations and has led to one of the
most disastrous pandemics in the history of mankind. Since the discovery of HIV in 1981,
it has been estimated that about 46 million people have been killed by the virus.
According to the World Health Organization (WHO) statistics, the number of individuals
living with HIV was estimated to be 34 million in 2010. In that year, a total of 2.7 million
people were newly infected with HIV and 1.8 million people were killed by HIV

(http://www.who.int/hiv/data/en/).
HIV/AIDS Treatment

Currently, vaccination against HIV has not been highly successful. One of the
most important challenges to the development of an effective HIV vaccine is the high
genetic heterogeneity nature of HIV. Several factors contribute to the high level of
heterogeneity including: error-prone viral DNA synthesis during reverse
transcription(3x10™° mutations/nucleotide/replication cycle), high recombination
frequency during reverse transcription, large amount of progeny virions in vivo(10°
particle/day; 150-300 replication cycles/year), and large number of infected individuals
(Fields Virology Vol.2, 5" edition, p.2110). Zidovudine (AZT) was approved by the US
Food and Drug Administration (FDA) in 1987 to be the first drug used to treat HIV-
infected individuals. By 2006, there were 22 approved antiretroviral drugs from 5 classes
(nucleoside reverse transcriptase inhibitors, nucleotide RT inhibitors, non-nucleoside RT
inhibitors, protease inhibitors, and fusion inhibitors) used to treat HIV infection, and

more recently integrase inhibitors have been added to the ART armamentarium. The



introduction of combined anti-retroviral therapy commonly known as highly active anti-
retroviral therapy (HAART), which was applied since the mid-1990s, has greatly
enhanced the life expectancy and quality of life of the HIV infected individuals. Before
HAART therapy, the average progression time from the time of infection to the
development of AIDS for a HIV infected individual was estimated to be 8-10 years.
Upon the onset of AIDS, the average survival time is about 9 months. However, among
patients effectively treated with HAART, average life expectancy climbs to 32 years
from the time of infection, if the HAART is initiated when CD4 count is above 350
cell/ml. For individuals who initiate HAART with CD4 cell count below 200 cell/ml,
their projected life expectancy is 22.5 years (Schackman et al., 2006). Life expectancy
can be further enhanced if HAART is initiated before the CD4 count drops below 500

cell/ml (Kitahata et al., 2009).

HIV/AIDS Genome

HIV is a spherical virus with a diameter between 110 nm to 120 nm. HIV-1 and
HIV-2 are two variants of the HIV virus that have been transmitted to humans from
nonhuman primates through distinct transmission events. HIV-1 Group M is responsible
for the majority of the worldwide HIV pandemic; while HIV-2 is predominantly found in
West Africa and is more limited in scope. HIV-1 contains 2 or more copies of single-
stranded positive sense RNA genome. The RNA genome is 9749 nucleotide long and
contains 9 genes including gag, pol, env, tat, rev, vpr, vpu, vif, and nef. The genome of
HIV-2 is largely similar with that of HIV-1, but contains the vpx gene and lacks the vpu
gene. The genome organization is depicted in Figure 2 and Figure 3 (Field’s Virology.

Fifth Edition, P2113).



RETROVIRAL GENOMIC ORGANIZATION

"Simple" Retrovirus

H IV'Z i

Figure 2. Genome organization of simple and complex retroviruses. The genes of
Molony murine leukemia virus (MLV), human T-cell leukemia virus 1 (HTLV-1), human
immunodeficiency virus 1 (HIV-1), and HIV-2 are depicted as they are arranged in their
respective proviral DNA. The sizes of the different proviral DNA species are shown in
proportion to the 9.7-kb HIV provirus. (Field’s Virology. Fifth Edition, by David E.
Knipe, Peter M. Howley, Diane E. Griffin, Malcom A. Martin, etc)
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Figure 3. Human immunodeficiency virus (HIV)-encoded proteins. The location of
the HIV genes, the sizes of the primary translation products (in some cases, polyproteins),
and the processed mature viral proteins are indicated. (Field’s Virology. Fifth Edition, by
David E. Knipe, Peter M. Howley, Diane E. Griffin, Malcom A. Martin, etc)



HIV-1 GAG AND HOST VESICULAR TRAFFICKING PATHWAYS

This dissertation describes new findings that are relevant to HIV-1 assembly and
trafficking events. The HIV-1 Gag protein directs particle assembly and forms the
immature and mature core components of the viral particle. As a general introduction of
the reader to the field of HIV-1 assembly, I have included a review chapter that | wrote
together with my primary mentor early on during my thesis work. This review
summarizes the function of Gag and its interaction with host factors, and should provide
a strong background for the work presented later in the dissertation regarding HIV-1
assembly and replication in human macrophages. Of particular relevance are the
differences in apparent assembly sites between T cells and model epithelial cell lines
(plasma membrane assembly) and macrophages (apparent intracellular assembly or

accumulation of viruses).

Abstract

The Gag protein of HIV-1 directs the particle assembly process. Gag recruits
components of the cellular vesicular trafficking machinery in order to traverse the
cytoplasm of the cell and reach the particle assembly site. The plasma membrane is the
primary site of particle assembly in most cell types, while in macrophages an unusual
intracellular membrane-bound compartment bearing markers of late endosomes and the
plasma membrane is the predominant assembly site. Plasma membrane specificity of
assembly may be directed by components of lipid rafts and the cytoplasmic leaflet
component P1(4,5)P,. Recent work has highlighted the role of adaptor protein complexes,
protein sorting and recycling pathways, components of the multivesicular body, and

cellular motor proteins in facilitating HIV assembly and budding. This review presents an



overview of the relevant vesicular trafficking pathways and describes the individual

components implicated in interactions with Gag.
Introduction

Retroviral structural proteins actively engage components of cellular vesicular
trafficking pathways during the virion assembly process. Retroviral Gag proteins form
the core of the viral particle, and are sufficient to direct the formation of virus-like
particles when expressed in cells in the absence of all other viral components. HIV
Pr55°% (Gag) is a myristoylated precursor polyprotein that interacts with cellular
membranes soon after translation (Spearman et al., 1997; Tritel and Resh, 2000). Gag
may be translated on membrane-free or membrane-bound ribosomes, and some evidence
suggests that Gag is first found deep in the cytoplasm in a perinuclear location (Perlman
and Resh, 2006; Stanislawski et al., 1980). The assembly of HIV particles occurs at the
plasma membrane in infected T lymphocytes and in most commonly used cell lines in
which the assembly process has been examined. A notable exception is the human
macrophage, in which particles are found primarily within large intracellular tetraspanin-
enriched compartments that remain contiguous with the plasma membrane (Deneka et al.,
2007; Raposo et al., 2002; Welsch et al., 2007). An important theme for this review is
that in order to reach the site of assembly at either the plasma membrane or the
intracellular assembly compartment, Gag must traverse the viscous cytoplasm of the cell.
A growing body of evidence indicates that specific interactions with vesicular trafficking
pathways allow Gag to reach the site of assembly. In order to address the components

involved in active trafficking of Gag, we will first discuss current views of assembly at



the plasma membrane versus intracellular endosomal compartments. We then discuss

specific molecules and pathways implicated in the transit of Gag to the site of assembly.

Gag is cleaved by the HIV protease during and immediately following budding
into its component subunits, ordered from N- to C-terminus as matrix (MA), capsid (CA),
spacer peptide 1 (SP1), nucleocapsid (NC), spacer peptide 2 (SP2), and p6 (Figure 1A).
Interactions relevant to assembly events occur in the context of the intact precursor
protein, but we will refer to relevant regions of the polyprotein involved in host protein
interactions by the nomenclature of the cleavage product. Most of the relevant host
interactions implicated in trafficking events involve the N-terminal MA region of Gag,
while late budding events require interactions with specific motifs in the C-terminal p6
segment. The structural contributions provided by individual segments of Gag to the
immature HIV capsid are increasingly understood but are not the focus of this review;
readers are referred elsewhere for detailed descriptions of this important aspect of HIV
assembly (Ganser-Pornillos et al., 2008; Wright et al., 2007). A schematic diagram of the
Gag polyprotein and electron micrographs illustrating plasma membrane assembly in an
epithelial cell line and intracellular assembly events in a macrophage are provided in

Figure 1.
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Figure 1. Schematic of Gag and major sites of assembly. (a) Schematic diagram of the
Pr55Gag polyprotein and its cleavage products, with the N-terminal MA domain oriented
toward the top. (b) Electron micrograph of particle assembly at the plasma membrane of
HeLa cells in which Gag was expressed by transfection. (c) Electron micrograph of HIV
particle assembly within internal membrane compartments in macrophages infected with
HIV. The site of assembly is acknowledged to be predominantly the plasma membrane as
in (b); uncertainty regarding the nature of the intracellular compartment in (c) is
discussed in the text
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Gag and Late Endosome Compartments/MVBs

Multivesicular endosomes (MVES) are a subset of endosomes of typically
spherical morphology, with a diameter of ~0.4um to 0.5um (Gruenberg et al., 1989)
(Gruenberg and Stenmark, 2004). MVEs translocate to the pericentriolar region of the
cells along microtubules, where they fuse with other endosomes or mature into late
endosomes (Aniento et al., 1993; Rink et al., 2005), which are highly pleiomorphic and
composed of tubular, multi-vesicular, and multi-cisternal regions (Piper and Luzio, 2001).
A subset of highly multi-vesicular late endosomes that are involved in the degradative
pathway are referred to as multi-vesicular bodies (MVBs). Late endosomes function not
just as degradatory organelles, but they are also important sorting stations. For example,
in B cells and dendritic cells, major histocompatibility complex class Il (MHCII)
molecules are transported to the cell surface from late endosomes through the MVB-like
MHC class Il compartments (MIICs) (Calafat et al., 1994; Murk et al., 2002). At the
same time, mannose-6-phosphate receptors (MPR) are transported to the trans-golgi
network (TGN) from late endosomes for further recycling (Goda and Pfeffer, 1988).
Cargo proteins that are destined for degradation are eventually sorted to lysosomes, one
of the two major cellular sites of protein degradation. The other site is the proteasome
(Hershko and Ciechanover, 1998). Lysosomes are often thought of as the end point of the
endocytic pathway. They contain more than 40 acidic hydrolases and carry out a
degradatory role at a pH between ~4-5 (Nilsson et al., 2003). However, a subset of
specialized lysosomes known as secretory lysosomes are capable of storing secretory
products and releasing the products to the plasma membrane under appropriate conditions

(Blott and Griffiths, 2002; Stinchcombe et al., 2004).
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There is a substantial body of evidence associating HIV Gag and the late
endosome/MVB compartment in cells. Although the precise nature and nomenclature of
the compartment remains debated, it is clear that Gag associates with intracellular
compartments bearing classical late endosome markers in a variety of cell types. The
markers implicated include tetraspanins (CD63, CD81, CD82) as well as LAMP-1 and
MHC class Il (MHC I1). The association of Gag with these intracellular compartments is
apparent in studies utilizing confocal microscopy or immunoelectron microscopy in fixed
cells or by live cell imaging techniques (Nydegger et al., 2003; Pelchen-Matthews et al.,
2003; Sherer et al., 2003). Extracellular infectious virions also incorporate LE/MVB
markers, suggesting that the LE/MVB is a productive budding site (Nguyen et al., 2003).
HIV budding shares many common features with the formation of intraluminal vesicles
within the MVB, such as the requirement for recruitment of ESCRT-1 and ESCRT-III
complexes (Morita and Sundquist, 2004). Thus an attractive model to explain the
presence of both intracellular sites of assembly and those at the plasma membrane has
been postulated, stating that in most cells (exemplified by T cells) Gag recruits ESCRT
components away from the MVB to the plasma membrane budding site, while in others
(such as the macrophage) the abundance of ESCRT components at the MVB facilitates
budding at this site. The involvement of AP-3 in the transport of Gag to the LE/MVB
further supported this model, as AP-3 is known to be required in the transport of MVVB
markers (CD63, LAMP-1) to this compartment (Dell'Angelica et al., 1997; Dong et al.,
2005). Some groups have even argued that the assembly of retroviruses on intracellular
endosomes can be generalized to all cell types, and that this pathway is dominant for

transmission of virus from cell-to-cell (Fang et al., 2007; Gould et al., 2003). The
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exosome hypothesis has not been widely accepted, however, in light of the abundant

evidence establishing the importance of the plasma membrane assembly site.

Despite much circumstantial evidence, the apparent LE/MVB site of assembly
may not actually be a classical LE/MVB. Although this compartment bears classical
LE/MVB markers, the compartment is nonacidic (Jouve et al., 2007). The Bieniasz group
has proposed that assembly occurs at the plasma membrane in all cell types, and that the
HIV particles found within intracellular compartments of macrophages and other cells are
either products of endocytosis or phagocytosis (Finzi et al., 2007; Jouvenet et al., 2006).
Indeed, the intracellular sites of budding in macrophages have recently been shown by
the Krausslich and Marsh laboratories to be formed of sequestered plasma membranes
that are continuous with the cell surface (Deneka et al., 2007; Welsch et al., 2007). Using
ruthenium red as an EM tracer of the plasma membrane, these investigators demonstrated
staining of virus-containing intracellular compartments that was separate from
endosomes. Endocytosed beads failed to localize to the intracellular, ruthenium red-
positive site of particle formation (Welsch et al., 2007). These studies suggest that a
novel, very convoluted subcompartment of the plasma membrane is the site of
intracellular assembly in macrophages. Within these compartments, HIV is postulated to
bud from tetraspanin-enriched membranes, although tetraspanins themselves do not
enhance particle budding or infectivity (Ruiz-Mateos et al., 2008). Although both the
endocytosis/phagocytosis model and the internal plasma membrane model compartment
model agree that the plasma membrane is the dominant site of particle assembly, the
mechanisms suggested by these models are radically different. As depicted in Figure 2,

endocytosis of tethered particles or of budding portions of the plasma membrane would
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place the particles within true, closed endosomal compartments (Fig 2A), while the
sequestered, convoluted PM compartment would be entirely distinct from endosomes

(Fig 2B), despite sharing LE/MVB markers. In addition, the implications for the initial
trafficking events in the assembly process are distinct, as indicated by the arrows in Fig. 2.
Further characterization of this unique assembly compartment in macrophages, and of a
similar compartment in dendritic cells, will be of great interest. For a comprehensive
review of HIV-1 trafficking in macrophages, the reader is referred to Carter and Ehrlich,

2008 (Carter and Ehrlich, 2008).
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Figure 2. Models for the internal assembly site in macrophages. (a) Particle assembly
at the plasma membrane (PM), followed by endocytosis of membrane-tethered particles
to the internal LE/MVB compartment. (b) Particle assembly within sequestered
subcompartments of the plasma membrane. Assembly is depicted here as occurring at the
peripheral PM and at the PM invagination.
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Gag and ESCRT

Genetic studies in the budding yeast Saccharomyces cerevisiae defined a class of
genes that are responsible for vacuolar protein sorting (vps genes)(Bankaitis et al., 1986;
Rothman and Stevens, 1986). The vps genes encode products required for regulating
distinct stages of vacuolar protein trafficking and are highly conserved in eukaryotic cells.
A subset of these genes, the class E vps genes, encode products that are required for
protein sorting in the MVB pathway (Odorizzi et al., 1998). In mammals, one or more
homologues have been identified for each of the approximately 18 known yeast class E
proteins. The majority of the 18 class E Vps gene products assemble into four distinct
heteromeric protein complexes known as the ESCRT (endosomal sorting complex
required for transport) -0, -1, -11, and -111 complexes (Babst et al., 2002a; Babst et al.,
2002b; Katzmann et al., 2001). The ESCRT complexes are responsible for the biogenesis
of MVBs by facilitating the sorting and inward budding of mono-ubiquitylated cargoes
into intralumenal vesicles (Williams and Urbe, 2007). In 2001, the Sundquist and Carter
laboratories both reported an association between the PTAP motif within the p6 region of
HIV Gag and the UEV domain at the N-terminal of TSG101 (Garrus et al., 2001,
VerPlank et al., 2001). The identification of a direct link between the PTAP L domain
motif and the cellular/MVB budding machinery (TSG101 and the ESCRT complex)
stimulated a burst of studies in this field. A model arising from these studies posits that
viruses divert the cellular machinery normally involved in the formation of ILVs at the
MVB to the site of viral assembly, and utilize this machinery as an exit mechanism from
the cell. Specifically, by mimicking Hrs, HIV Gag is able to hijack the TSG101 subunit

of ESCRT-I to recruit downstream machinery for its own budding at the plasma
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membrane or into intracellular membrane-bound compartments. Consistent with this
model, disruption of the Gag-TSG101 interaction by overexpression of the dominant
negative form of TSG101 or depletion of TSG101 with siRNA inhibits HIV budding
(Demirov et al., 2002; Martin-Serrano et al., 2001). More recently, the central role of
AIPL1/ALIX in connecting Gag to the ESCRT-111 complex and the rest of the cellular
budding machinery has been defined (Fisher et al., 2007; Popov et al., 2008; Usami et al.,
2007). For a comprehensive review of the role of ESCRT complexes in HIV budding, the
reader is referred to other references (Hurley and Emr, 2006; Morita and Sundquist, 2004;
Williams and Urbe, 2007). One reason to emphasize the role of ESCRT here is that it
provides clear evidence of interactions occurring between Gag and the cellular vesicular
biogenesis /sorting machinery. This interaction implies but does not establish that Gag
may also utilize other vesicular machinery in the cell, such as vesicle-associated adaptor
proteins. The strong relationship between Gag and the normal MVB-associated cellular
sorting machinery is also striking in light of the assembly process in macrophages, where
intracellular assembly occurs in compartments enriched in MVB markers as already

discussed.

The subcellular distribution pattern of the ESCRT complex components may play
a role in determining the site of HIV budding. Welsh and colleagues reported in 2006 that
the majority of ESCRT components are associated with cellular membranes, and that
more ESCRT components were present on endosomal membranes in macrophages than
in T lymphocytes, which demonstrated higher ESCRT concentrations on the plasma
membrane (Welsch et al., 2006). This study suggested that the ESCRT complexes play a

role in determining the location of assembly and budding, arguing against the idea that
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ESCRT complexes are mainly cytosolic and are recruited to the plasma membrane site of
budding by Gag (Martin-Serrano et al., 2001). However, deletion of p6 failed to affect
Gag localization in HeLa cells or macrophages, supporting the idea that Gag/ESCRT
interactions function primarily at the budding step rather than in affecting Gag trafficking

(Ono and Freed, 2004).

Plasma Membrane-specific Interactions: Lipid Rafts and P1(4,5)P2

A plasma membrane Gag “receptor” that explains why assembly occurs
predominantly at the plasma membrane has been postulated for many years (Wills and
Craven, 1991). Two cellular components that may help explain the preference of Gag for
particle assembly on the plasma membrane are lipid rafts and the inner leaflet-associated
lipid phosphatidylinositol (4,5) bisphosphate [P1(4,5)P,]. Lipid rafts are postulated
microdomains of membranes that are enriched in cholesterol and glycosphingolipids and
provide lateral organization to the lipid bilayer. Although controversy remains regarding
the size, composition, and even the existence of such domains, a number of important
roles have been ascribed to rafts (Hanzal-Bayer and Hancock, 2007). The lipid envelope
of HIV particles is enriched in sphingolipids and cholesterol, suggesting differential
incorporation of typical raft lipids into budding HIV particles (Aloia et al., 1988; Brugger
et al., 2006). Gag associates strongly with detergent-resistant membranes (DRMs) at cold
temperatures, a characteristic of proteins that associate with lipid raft microdomains
(Ding et al., 2003; Lindwasser and Resh, 2001; Nguyen and Hildreth, 2000; Ono and
Freed, 2001) and depletion of cholesterol inhibits particle release and infectivity (Ono
and Freed, 2001). The association of Gag with rafts could explain a preference of Gag for

the inner leaflet of the plasma membrane, rather than the ER membrane, for example, as a
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budding site. The density of Gag-associated DRMs, however, is markedly different than
that of classical rafts, and many typical raft markers do not fractionate together with Gag
DRMs (Ding et al., 2003; Lindwasser and Resh, 2001). An emerging concept in this
regard is that Gag multimers may concentrate or recruit raft components into the particle
budding site, and in so doing alter the classical biochemical characteristics of rafts.
Depletion of cholesterol inhibits the higher-order multimerization of Gag, suggesting that
rafts may provide a selective platform favoring the formation of Gag multimers at the

plasma membrane (Ono et al., 2007).

P1(4,5)P, has emerged as an important determinant of the specificity of Gag’s
interaction with the plasma membrane. P1(4,5)P; is a lipid that localizes preferentially to
the inner leaflet of the plasma membrane. When the distribution of P1(4,5)P2 was altered
through overexpression of polyphosphoinositide 5-phosphatase IV or constitutively
active Arfé (Arfé Q67L), particle production was severely diminished. Moreover, these
interventions resulted in the redistribution of particle formation to late endosomes (Ono et
al., 2004). Interactions between MA and PI(4,5)P, appear to influence the efficiency of
Gag protein membrane binding (Chukkapalli et al., 2008). The structural basis for MA-
P1(4,5)P, interactions has been determined, and provides a compelling model to explain
how the interaction could lead to enhanced Gag interactions with the inner leaflet of the
plasma membrane. Membrane binding studies combined with mutagenesis of MA had
suggested that a myristoyl switch underlies the interaction of MA with cellular
membranes (Spearman et al., 1997; Zhou and Resh, 1996). The structure of myristoylated
MA was subsequently solved by NMR, and showed that myristic acid was partly

sequestered in a pocket within the globular head of the molecule (Tang et al., 2004).
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Recent work examining the MA-PI1(4,5)P; interaction demonstrated that P1(4,5)P, binds
directly to HIV-1 MA and is postulated to trigger myristate exposure (Saad et al., 2006;
Shkriabai et al., 2006) The resulting complex provides an effective membrane anchor
tying Gag to the inner leaflet of the plasma membrane. The anchor revealed by the MA-
P1(4,5)P; interaction includes the inositol head group and 2’ fatty acid chain of PI(4,5)P,,
which extend into a hydrophobic cleft in MA, and the extended myristate of MA, which
contacts the inner leaflet of the membrane. The data supporting the role of P1(4,5)P2 in
assembly are further strengthened by observations from the Rein laboratory indicating a
role for inositol phosphates in the formation of virus-like particles of normal size in vitro
(Campbell et al., 2001) and the in vivo studies from the Summers laboratory (Saad et al.,
2007). Interactions between Gag and inositol hexakisphosphate (IP6) in vitro cause
dramatic conformational changes in Gag in solution that regulate Gag-Gag interactions
(Datta et al., 2007). While the precise relationship of this effect with IP6 to the interaction
of MA with PI(4,5)P. is not clear, the potential for the Gag-P1(4,5)P, interaction to
regulate Gag-Gag multimerization on cellular membranes has considerable support.
Recent studies utilizing mass spectrometry revealed that HIV-1 and MLV virions are
highly enriched in P1(4,5)P, compared to plasma membrane levels (Chan et al., 2008). It
should also be noted that the MA-PI1(4,5)P, interaction is also conserved in HIV-2 and
EIAV(Chen et al., 2008; Saad et al., 2008). Given this weight of evidence, continued

work on the role of PI(4,5)P, in assembly is likely to lead to important new findings.

Role of Adaptor Protein Complexes in HIV Assembly

Adaptor protein (AP) complexes are key regulators of protein sorting in the

secretory and endocytic pathway. AP complexes recognize the sorting signals on the
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cytoplasmic tail of cargo proteins and recruit scaffold proteins for vesicle formation. The
first two AP complexes identified, designated as AP-1 and AP-2, were identified from
purified clathrin-coated vesicles and were originally termed assembly proteins 1 and 2 for
their roles in bridging clathrin to vesicles (Keen, 1987; Zaremba and Keen, 1983). Two
more AP complexes, AP-3 and AP-4, were later discovered from sequence homology
searches of AP-1 and AP-2 in mammalian cDNA libraries (Dell'Angelica et al., 1999;

Dell'Angelica et al., 1997; Hirst et al., 1999; Simpson et al., 1997).

All four members of the AP complex family are ubiquitously expressed, cytosolic
heterotetramers. In addition, AP-1 and AP-3 contain cell-type specific isoforms. AP-1B,
which contains the u1B subunit, is specifically expressed in polarized epithelial cells
(Ohno et al., 1999). AP-3B, which contains the 3B and p3B subunits, is only expressed
in neuronal and neuroendocrine tissues (Newman et al., 1995; Pevsner et al., 1994). Each
of the AP complexes consists of 4 subunits, including 2 large subunits (y, a, 9, €, and B1,
B2, B3A/B, B4), a medium subunit (u1A/B, u2, n3A/B, p4), and a small subunit (o1, 62,
03, o4). One of the large subunits of each heterotetramer (y, o, 9, or €) mediates
membrane binding by interacting with membrane phosphatidylinositols such as P1(4,5)P,
or PI1(3,4,5)P3. The other large subunits (1-3) recruit clathrin using their clathrin binding
motifs in the hinge region (Shih et al., 1995). It is clear that AP-1 and AP-2 are highly
enriched in clathrin-coated vesicles, but the association between AP-3 and clathrin
remains ambiguous. Biochemical studies have implied that clathrin is absent in AP-3
containing vesicles (Simpson et al., 1996). However, it has also been shown that the 3
subunit of AP-3 contains the conserved clathrin binding motif and is therefore fully

capable of recruiting clathrin (Dell’Angelica et al., 1998). The medium subunits (u1-4)
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recognize sorting signals on the cytoplasmic tails of cargo proteins and also provide
additional membrane anchor strength by binding to membrane phosphatidylinositols. The
sorting signals that facilitate sorting into clathrin-coated vesicle are the tyrosine-based
signal NPXY and YXX®, and the dileucine-based signals DXXLL and [DE]XXXL[LI]
(Barre-Sinoussi et al.) (where X can be any residues and @ is a bulky hydrophobic
residue). It should be noted that the NPXY signal, unlike the YXX® and the dileucine-
based signals, is only known to interact with monomeric clathrin adaptors such as the
auto recessive form of hypercholesterolemia protein (ARH) (Mishra et al., 2002) and
Disabled 2 (Dab2) (Morris and Cooper, 2001). The smallest subunits, c1-4, play a
predominantly structural role by stabilizing the core of the heterotetrameric complex, as
suggested by a structural study based on AP-2 (Collins et al., 2002). In addition to their
structural roles, 61 and 63 have also been suggested to play a part in the recognition of
the dileucine-based sorting signals, [DE]XXXL[LI], from HIV-1 nef and LIMP-II, in the

context of y-o1 and 6-63 hemicomplexes respectively (Janvier et al., 2003).

AP complexes are involved in protein trafficking at different locations of the post-
Golgi network. AP-1A mediates bidirectional vesicle transportation between the trans-
Golgi network (TGN) and endosomes. AP-1B is responsible for vesicle sorting from the
TGN to the basolateral plasma membrane in polarized epithelial cells. AP-2 is well-
known for its role in sorting cargo proteins into clathrin-mediated endocytic vesicles. AP-
3A is essential for sorting of vesicles from early endosomes or the TGN to late
endosomes, MVBs, lysosomes, and lysosome-related organelles. AP-3B is believed to

play a role in the formation of synaptic vesicles in neuronal cells. AP-4 has been



23

implicated in vesicle sorting from the TGN to lysosome as well as basolateral trafficking

from the TGN to the basolateral plasma membrane.

AP complexes have been implicated in the assembly and budding of HIV and
other enveloped viruses (Table 1). In 2005, we identified an interaction between AP-3
and HIV Gag (Dong et al., 2005). Specifically, the delta subunit of AP-3 (AP-35) binds
to helix 1 of the MA region on HIV-1 Gag. This interaction is important in the productive
pathway of particle assembly, as disruption of the AP-3-Gag interaction by a dominant-
negative form of AP-35 or depletion of AP-3 complexes with siRNA altered Gag
subcellular distribution and severely limited particle release (Dong et al., 2005). When
the Gag-AP-3 interaction was disrupted, Gag localized minimally with the LE/MVB
compartment, suggesting that AP-3 directs Gag to this compartment. Further support for
this model was provided in a recent report by the Piguet laboratory (Garcia et al., 2007).
These investigators found that AP-3 was required for particle production in HIV-infected
dendritic cells, and that assembly occurred within a tetraspanin- and AP-3-enriched
intracellular compartment in these cells. A role for AP-3 in productive trafficking of Gag
may not solely require assembly in an intracellular compartment. Arguably, AP-3 may
also facilitate the transportation of HIV-1 Gag to the plasma membrane directly, as has
been reported for VSV glycoprotein (Nishimura et al., 2002). A unified model for the
role of AP-3 in HIV assembly is needed, including further definition of the role of AP-3

in HIV-infected macrophages.

Shortly after the discovery of the AP-3-Gag interaction, the Thali laboratory
reported a link between AP-2 and HIV-1 Gag (Batonick et al., 2005). This report

demonstrated that the p subunit of AP-2 was able to bind HIV-1 Gag at the tyrosine-base
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motif located in the MA-CA junction. In contrast to the AP-3-Gag interaction, disruption
of the AP-2-Gag interaction enhanced particle release. Recently, Berlioz-Torrent and
Basyuk’s group demonstrated that the p subunit of AP-1 also binds to the MA region of
HIV-1 Gag and the MA-p12 portion of MLV Gag (Camus et al., 2007). Disruption of
AP-1-Gag interaction of HIV or MLV using an AP-1 u subunit knockout cell-line lead to
a defect in particle release in both cases. Overexpression of AP-1 u subunit rescued the
release defect in a dose-dependent manner. The potential involvement of multiple adaptor
protein complexes in directing the trafficking of Gag creates a complex picture that will

require further work to provide clarity.

The HIV Env glycoprotein is another HIV virion component that has been heavily
implicated in interactions with AP complexes. A major unanswered question in the field
is how Env reaches the site of assembly and associates with Gag. In 1997, the Bonifacino
laboratory demonstrated that a membrane proximal tyrosine-based motif (Y712,SPL)
located in the cytoplasmic domain of the transmembrane protein gp41 (TM) was able to
bind specifically to the u subunits of AP-1, AP-2, and AP-3 (Ohno et al., 1997). The
interaction between this tyrosine-based motif and the AP-2 p subunit mediates the
internalization of Env from the plasma membrane via clathrin-mediated endocytosis
(Boge et al., 1998). This particular motif is also important for basolateral targeting of
viral budding (Deschambeault et al., 1999; Lodge et al., 1997). In addition to the Y1,SPL
motif, a highly conserved dileucine motif (LgssLgss) located in the C-terminal of Env TM
is also critical for the accurate subcellular localization of Env and its association with AP-
1 (Wyss et al., 2001). Recently, this dileucine motif has also been shown to be involved

in the AP-2 dependent clathrin-mediated endocytosis of HIV-1 Env (Byland et al., 2007).
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Although it is clear that adaptor protein complexes mediate endocytosis of Env, it has not
yet been firmly established how this might play a role in bringing Gag and Env together.
The potential for Gag and Env to be co-transported to a common site of assembly is
raised by the fact that both structural components of the virion interact directly with

separate AP subunits.

TIP-47 (tail-interacting protein of 47kDa) is an adaptor-like protein that was
recently described to interact with both HIV Env and Gag. TIP-47 was initially identified
as a binding partner of the cytoplasmic domain of mannose-6-phosphate receptors (MPRS)
as an essential mediator of the sorting of MPRs from late endosomes to the TGN (Diaz
and Pfeffer, 1998; Orsel et al., 2000). In 2003, the Berlioz-Torrent’s group identified an
interaction between TIP-47 and Env (Blot et al., 2003). Env was shown to bind TIP-47
via a Ygp2Wago3 diaromatic motif in the cytoplasmic tail of gp41, and the interaction was
shown to be responsible for the retrograde transport of Env from the plasma membrane to
the TGN (Blot et al., 2003). Recently, the same group reported the ability of TIP-47 to
bind not only to Env but also to Gag (Lopez-Verges et al., 2006). They demonstrated that
TIP-47 interacted with Gag at residue 5-16 of the MA region, largely overlapping the
MA region implicated in AP-3-Gag interaction (H1 helix, residues 11-19). Abolishing the
TIP-47-MA interaction by mutations or siRNA silencing impaired both virion infectivity
and Env incorporation (Lopez-Verges et al., 2006). The potential role of TIP-47 as a
Gag-Env adaptor protein that may determine the site of assembly of intermediate
complexes is intriguing, and will require further investigation. Independent reports of a
role of TIP-47 in assembly would help to establish the validity of this very intriguing

finding.
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Table 1 Direct interactions between adaptor protein complexes and HIV-1 components that have
been implicated in the assembly pathway

Complex AP Complexes HIV-1 components Reference
(interaction region) (interaction region)
AP-1 AP-1 (p subunit) HIV-1 Gag (MA) (Camus et al. 2007)

AP-1 (pu subunit) HIV-1 Env (gp4! Y5,,SPL motif) (Wyss et al. 2001)
AP-2 AP-2 (p subunit) HIV-1 Gag (MA-CA junction YPIV ~ (Batonick et al. 2005)
motif)
AP-2 (i subunit) HIV-1 Env (gp4] Y7:2SPL motif) (Wyss et al. 2001)
AP-3 AP-3 (6 subunit HIV-1 Gag (MA HI helix residue (Dong et al. 2005)

hinge) 11-19)
AP-3 (p subunit) HIV-1 Env (gp41l Y4;,SPL motif) (Wyss et al. 2001)
TIP-47  TIP-47 (not known) HIV-1 Gag (MA residue 5-16) (Lopez-Verges et al.
2006)
TIP-47 (not known) HIV-1 Env (gp4l Ygo2Wgos motit) (Lopez-Verges et al.
2006)

Table 1. Direct interactions between adaptor protein complexes and HIV-1
components that have been implicated in the assembly pathway.
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GGAs, Arf proteins, and Assembly

GGA (Golgi-localized y-ear containing Arf-binding) proteins are a family of
clathrin-associated factors engaged in protein sorting. GGA proteins are recruited to
membranes through direct interaction with GTP-bound Arf proteins. In a recent study,
depletion of GGA2 and GGA3 unexpectedly enhanced virus release, indicating a
negative modulatory role in particle production (Joshi et al., 2008). In contrast, GGA
overexpression inhibited the release of retroviruses in a late domain-independent manner.
The inhibition of particle production required an intact Arf-binding domain, implicating
Arf proteins in the assembly process. Consistent with this, depletion of Arf proteins also
inhibited assembly. Impaired membrane binding was noted in these experiments as a
partial explanation for the defects in particle production contributed by depletion of Arf
proteins. Together, the data suggest that Arf proteins may play an important role in the

trafficking and interactions of Gag with the plasma membrane.

Role of Rab GTPases and Host Motor Proteins in HIV Assembly

Rab proteins are members of the small Ras-like GTPase superfamily. To date, 11
Rab proteins have been identified in yeast and more than 60 in human cells (Zerial and
McBride, 2001). Together with an array of Rab effectors, Rab proteins play key roles in
multiple processes within the vesicular trafficking pathway. Rab proteins are initially
synthesized as soluble proteins in the cytosol, followed by prenylation by the Rab
geranylgeranyl transferase (RGGTase) for the addition of one or two geranylgeranyl
groups (Farnsworth et al., 1994), which allow the attachment of Rab proteins into the

membrane of organelles. Among their many functions, Rab proteins have been best
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characterized for their role in providing specificity during the vesicle tethering process.
More recently, Rab proteins have been shown to regulate the movement of vesicles and
organelles along the cytoskeleton network via their interactions with both microtubule-
dependent (dyneins and kinesins) and actin-dependent (myosins) motor proteins. For
instance, Rab7 is able to recruit the dynein motor through one of its effectors known as
Rab7-interacting lysosomal protein (RILP). The recruitment of the dynein motor by Rab7
and RILP results in a minus end transportation of Rab7-positive endosomes towards the
microtubule organizing center (MTOC) (Johansson et al., 2007). Similarly, Rab27a is
capable of recruiting the myosinVa actin motor through its effector melanophilin and
promote proper transport of Rab27a-positive melanosomes along the actin network
(Jordens et al., 2006). In some case, the motor protein can act as an effector of a Rab
protein. As an example, Rab6 has been reported to bind directly to Rabkinesin-6, which
IS a kinesin-like protein that localizes to the Golgi. This finding suggests a role of Rab6 in
the movement of Golgi-associated vesicles along microtubules through an interaction

with Rabkinesin-6 (Echard et al., 1998).

Several lines of evidence suggest a role of Rab GTPases in retrovirus assembly.
Rab7 and its effector protein RILP have been shown to influence HIV-1 assembly, as
overexpression of RILP leads to perinuclear localization of HIV-1 Gag (Nydegger et al.,
2003). Rab7 and RILP are involved in the vesicular transport of late endosomes towards
the minus end of MTOC along microtubules, a process that is dependent on the action of
dynein motors. This suggests a model in which Rab7 and RILP may direct endosome-
associated HIV-1 Gag towards the MTOC. Intriguingly, the “D” type retrovirus Mason-

Pfizer monkey virus (M-PMV) Gag forms intracytoplasmic immature capsids that are
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retained adjacent to perinuclear recycling compartments via a direct interaction with
dynein/dynactin motor complex (Sfakianos et al., 2003). The direct interaction is
mediated by a short peptide sequence known as the cytoplasmic targeting-retention signal
(CTRS) located within the matrix region of Gag. A specific mutation within the CTRS
(R55W or R55F) disrupts dynein interaction and converts the perinuclear “D” type
assembly of M-PMV to plasma membrane, “C” type assembly (Rhee and Hunter, 1990).
The structural basis for this morphogenetic switch was recently revealed when the NMR
structure of the M-PMV MA R55F mutant was solved. R55F MA demonstrated a
dramatic conformational change from wildtype MA that buried the CTRS motif within a
hydrophobic pocket, preventing interactions with the dynein light chain Tctex-1 (Vlach et
al., 2008). The M-PMV Gag interaction with cellular dynein therefore builds a
compelling story for a direct role of motor proteins in defining the capsid assembly site.
M-PMYV Env expression enhances the release of M-PMV capsids from the perinuclear
compartment, and requires an intact recycling compartment to do so (Sfakianos and
Hunter, 2003). Expression of a dominant-negative Rabl1a prevented efficient transit of
capsids to the plasma membrane for budding. Thus, Rab11la may play a key role in
allowing recycling of endocytosed Env to a compartment where Gag-Env interactions
occur and facilitate capsid transit from the perinuclear region. Although HIV does not
form intracellular immature capsids like M-PMV, it is tempting to speculate that HIV
Gag may be transiently transported or retained in the perinuclear region in a dynein-
dependent manner, where it may subsequently encounter endocytosed HIV Env via

adaptor protein-coated vesicles involved in further trafficking steps. Alternatively, HIV
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Gag protein or oligomeric intermediates could interact with kinesins such as KIF4

(discussed below).

There may be additional roles for Rab proteins and associated motors in the
assembly of HIV particles. Rab9, a Rab GTPase that facilitates cargo binding by TIP47
(Carroll et al., 2001), has also been suggested to play an important role in HIV assembly.
Depletion of Rab9 by siRNA was shown to sequester Gag within cells and to cause a
reduction in particle output (Murray et al., 2005). No additional studies have yet been
performed to establish the specific step disrupted by Rab9 depletion. Because of their
central role in recruiting effector molecules involved in vesicular trafficking, it is likely
that further roles for Rab proteins engaged in specific steps of virus assembly will be
elucidated. If dynein motors are involved in retaining Gag near the MTOC, then kinesins
may potentially play a role in movement of Gag to the periphery of the cell. This remains
a relatively poorly studied aspect of Gag trafficking. KIF4 is a plus-end directed,
microtubule-associated motor protein that was found to bind directly to murine leukemia
virus Gag (Kim et al., 1998), and subsequently reported to interact with MPMV, SIV, and
HIV-1 Gag (Tang et al., 1999). Knockdown of KIF4 was recently shown to reduce
intracellular Gag protein levels and inhibit particle production (Martinez et al., 2008),

supporting a role for this kinesin in assembly.

Conclusions

Significant advances have been achieved in the field of retrovirus assembly over
the past decade. Retroviral structural proteins utilize specific vesicular transport pathways

to bring essential components together in the cell, and to reach the particle
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assembly site. Transit of Gag and Env in the cell requires an intimate relationship with
endosomal trafficking pathways in ways that are being increasingly worked out. Adaptor
protein-directed endosomal trafficking steps are required, and Rab proteins and
associated effectors play roles that are just beginning to be defined. A putative model of
Gag trafficking and HIV particle assembly is presented in Fig. 3, including a role for
adaptor proteins in directing transport, P1(4,5)P2 at the plasma membrane, ESCRT
complexes for budding at the PM and MVB, and Rab proteins involved in trafficking.
The complexity of the model as drawn does not do justice to the large number of other
cellular factors that may play a role in the trafficking of Gag. The significance of several
of the steps depicted, such as the release of particles from intracellular sequestered sites,
remains to be clarified. It is likely that a number of additional host factors involved in
HIV assembly remain to be discovered. The interactions of Gag with vesicular trafficking
pathways will remain a rewarding area of research for the future, and should provide new

targets for antiretroviral drug discovery.
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Figure 3. Schematic diagram illustrating the role of many of the described host
factors involved in Gag trafficking. As noted in the text, areas of
controversy/uncertainty exist, some of which are indicated by question marks in this

diagram.
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THE NATURE OF THE HIV-1 ASSEMBLY AND BUDDING COMPARTMENTS
IN HUMAN MACROPHAGES

To further introduce the major topic of research for my dissertation, | include a
review article that is in progress that will summarize current knowledge of HIV infection
of human macrophages. This sets the stage for the chapters that basically come from my
primary research publications in PLoS One and Cell Host and Microbe. Although not yet
submitted, the chapter below will be submitted as a review article to a scientific journal in
the near future.

Introduction

Macrophages and T cells are the two major cellular targets of HIV in infected
individuals. HIV-infected macrophages and T cells display a number of phenotypic
differences ranging from the site of assembly to infection outcome. Infection of T cells is
usually cytopathic. HIV infected T cells assemble and release large amount of virus
particles on the plasma membrane and accumulate small amount of virus intracellularly.
In contrast, infected macrophages can survive for an extended period of time following
infection. HIV-infected macrophages release relatively low amounts of virus particles
compared to infected T cells. Large collections of virus particles are frequently detected
in apparent intracellular compartments in infected macrophages while virus particles are
rarely found to be associated with the plasma membrane. Because of the intracellular
appearance of the virus-containing compartments in infected macrophages, the virions
harbored in these compartments are thought to be protected from the surveillance of the
immune system and may act as viral reservoirs that contribute to latent infections.
Infected macrophages are also thought to play important roles in the neuropathogenesis

of HIV-infected patients. Specifically, peri-vasicular macrophage and microglia are the
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key cell types in HIV infection in the central nervous system (CNS) (Gonzalez-Scarano
and Martin-Garcia, 2005). Early reports demonstrated that HIV-1-infected macrophages
can be identified in the brain of infected individuals (Koenig et al., 1986; Meyenhofer et
al., 1987; Wiley et al., 1986). Therefore, infected macrophages are thought to play an
important role in neurologic manifestations of HIVV/AIDS. At the same time, the virus-
containing compartments in infected macrophages could also serve as a viral reservoir
and potentially contribute to persistence of virus in individuals treated with HAART.
This review aims at providing a comprehensive view on the nature and origin of the

virus-containing compartments in HIV-infected macrophages.

Current views on the biological nature of the virus containing compartments

HIV-1 assembly occurs predominantly at the plasma membrane of infected T
cells and epithelial cells lines (Chu et al., 2009; Finzi et al., 2007; Gelderblom, 1991,
Jouvenet et al., 2006; Ono and Freed, 2004). In contrast, infected macrophages reveal
extensive accumulations of virus particles in virus-containing compartments (VCCs). In
early ultrastructural studies, HIVV-1 was demonstrated to assemble and accumulate in
cytoplasmic vacuoles (Gendelman et al., 1988) as well as in the Golgi apparatus and
related saccules (Orenstein et al., 1988). Brain biopsy specimen from patients with AIDS
encephalopathy displayed HIV-1 particles in cytoplasmic vacuoles of infected
macrophages, suggesting that the intracellular accumulation of virus particle found in
infected macrophages cultured in vitro was indeed physiological relevant. In addition,
viral budding profiles were identified at the limiting membrane of these compartments,
implying that these intracellular compartments were virus assembly sites (Orenstein et al.,

1988).
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In the early 2000s, several groups explored the biological characteristics of the
VCCs in infected monocyte-derived macrophages (MDMSs). The investigators identified
that the VCCs in infected MDMs were enriched in markers of the endocytic pathway,
particularly in markers of the late endosome and multivesicular bodies (MVBs). The
VCCs were reported to be CD53, CD63, CD81, CD82, LAMP-1, and histocompatibility
antigen type Il (MHC Il) positive. Using immunoprecipitation assays, the authors
discovered that a large number of these markers were incorporated onto the virions and it
was possible to neutralize the infectivity of the virus particles by applying specific
antibodies against these markers. The authors suggested that MDMs assembled virus
particles into late endosomes/ MVBs and subsequently released the virus particles by
exocytosis, suggesting fusion of the VCC membrane with the plasma membrane (Kramer
et al., 2005; Nguyen et al., 2003; Pelchen-Matthews et al., 2003; Raposo et al., 2002). In
agreement with the late endosome/ MVB assembly model, annexin 2 (Anx2), an
endosomal protein involved in vesicular trafficking and exocytosis, was reported to play
an important role in HIV-1 assembly and virus infectivity in MDMs (Ryzhova et al.,
2006). While the effect of Anx2 on particle production in infected MDMs remained
arguable, it clearly regulated the infectivity of newly synthesized virus particles from
infected MDMs but not COS-1 or 293T cells (Rai et al., 2010). Since COS-1 and 293T
cells assembled virus particles on the plasma membrane, the cell type dependent role of
Anx2 in regulating infectivity implied that MDMSs assembled and released virus particles

at a distinct site different from the plasma membrane.

Contrary to many opinions at the time, the Bieniasz lab reported in 2006 that

plasma membrane was the only site of productive HIV-1 assembly in MDMs. Using
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transfected Gag-GFP, they showed that the appearance of Gag-GFP VLP at the plasma
membrane preceded the accumulation of Gag-GFP VLP at internal sites of MDMs. They
showed that in MDMs, Gag-GFP colocalized with EEAL, an early endosome marker, as
well as with mRed-Hrs, a late endosome/ phagosome marker. Disruption of the actin
cytoskeleton network by cytochalasin D inhibited Gag-GFP internalization from the
plasma membrane into intracellular compartments and reduced internal accumulation of
Gag-GFP. The authors concluded that the internal population of virus particles detected
in HIV-1-infected MDMs was a result of actin-dependent internalization of virus
particles from plasma membrane, potentially by phagocytosis (Jouvenet et al., 2006). In
general agreement with this idea, a previous report suggested that MDMs could
internalize extracellular virions by macropinocytosis. The macropinosomes were
morphologically similar to the widely observed VCCs. They were 0.2 um to 3 um in
diameter and were completely protected from ruthenium red (RR) staining (Marechal et

al., 2001).

In 2007, two labs reported simultaneously on the biological nature of the VCCs
and provided innovative insights in the organization of the VCCs. The Marsh lab
characterized the tetraspanin organization of the VCCs in detail. They pointed out that
HIV-1 accumulated in a type of compartment that was enriched in CD81, CD9, and
CD53. Externally supplied monoclonal antibodies against CD81, CD9, and CD53 were
taken up into the compartment. This tetraspanin-rich compartment was also observed in
uninfected MDMs. Interestingly, CD63 was not present in the VCCs in uninfected
MDMs but were retained in the VCCs in infected MDMs during recycling. The authors

further showed that the VCCs were accessible to fluid phase HRP at 4 degrees centigrade.
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In addition, by staining the cells with ruthenium red (RR), the authors revealed that the
VCCs were positively labeled with the dye. They therefore considered the VCCs to be
contiguous with the plasma membrane. Notably, the authors documented budding
structures in the VCCs and they defined the VCCs as CD81/ CD9 /CD53 positive, plasma
membrane connected, HIV-1 assembly compartments (Deneka et al., 2007). Concurrently,
the Krausslich lab published a study with conclusions in large agreement with the Marsh
paper. Using electronic microscopy and quantitative analysis, the authors reported that
over 90% of the virus particles and virus budding structures were located at
compartments inaccessible to the endosomal tracer, BSA-gold. With the application of
RR staining, the authors identified a large number of VCCs to be RR positive, although
the percentage of RR positive compartments appeared to be highly donor to donor
dependent; ranging from ~20% to 80% (Welsch et al., 2007). The authors documented
that HIV-1 budding structures were frequently detected on the cell surface plasma
membrane. Albeit observed rarely, budding structures were also detected on the limiting
membrane of intracellular plasma membrane invaginations. It was clear from these two
studies that a population of the VCCs was invaginated plasma membrane/ intracellular
plasma membrane domain that was accessible from the extracellular environment.
However, a proportion of the VCCs remained inaccessible to RR staining, suggesting the
presence of truly intracellular VCCs in infected MDMs. In addition, the Marsh lab
observed externally supplied monoclonal antibodies against CD81, CD9, and CD53 being
taken up into the VCCs. This observation did not fully agree with the intracellular plasma

membrane model because if the antibodies were internalized into the cell, they should
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localize to compartments distinct from the sequestered plasma membrane regardless of

the mode of internalization.

Almost simultaneously, the Benaroch lab reported in 2007 that HIV-1 assembled
into a type of modified late endosome in infected MDMs (Jouve et al., 2007). This type
of modified late endosome was labeled with CD63 and MHC Il and was moderately
labeled with LAMP-1. It was accessible with the early endosome/ recycling endosome
marker transferrin but was largely inaccessible to the endocytic tracer BSA-gold. This
type of modified compartment was defective in acidification, potentially due to
inefficient recruitment of V-ATPase proton pump. Budding particles at various stages as
well as released immature virions were detected in the modified compartment, but never
on the plasma membrane suggesting that this is a virus assembly compartment. RR
staining of infected MDMs revealed that about 20% of the VCCs were accessible from
the plasma membrane (Jouve et al., 2007). On the other hand, the authors showed that
when MDMs were exposed to a high MOI of virus, virus particles were internalized into
acidic endosomal structures. The authors speculated that endocytosed or phagocytosed

virus particles would then be targeted for degradation.

With the use of ion abrasion scanning electron microscopy (IA-SEM), the
Subramaniam lab developed a novel approach to study the VCCs of infected MDMs in
2009. The IA-SEM allowed site-specific 3D reconstruction of cells at a resolution of ~30
nm in the Z-axis and 3-6 nm in the x-y plane, which enabled a more genuine view of the
VCCs independent of serial sectioning and tomography. Using IA-SEM, the authors
identified completely internal VCCs as well as VCCs that were connected to the plasma

membrane through tubular structures. These tubules have a roughly uniform diameter of
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150-200 nm and lengths of up to 5 um. Because virus particles were identified within
these tubular structures that connected intracellular compartments to the cell surface, the
authors term the tubules as virion channels. Noticeably, the 150-200 nm tubule identified
in this study was dramatically different from the <50 nm plasma membrane folding that
was reported elsewhere, which inhibited the transit of virions (Deneka et al., 2007;
Welsch et al., 2011; Welsch et al., 2007). On the other hand, the authors reported that the
completely internal compartments appeared to be deeper and well inside of the interior of
the cells. The authors observed budding sites in completely internal compartments,
compartments that were connected with the plasma membrane, as well as the plasma

membrane itself (Bennett et al., 2009).

In 2011, the Sattentau lab studied the architecture of VCCs in detail with RR
staining followed by 3D reconstruction of the VCCs using serial sectioned tomography
images (Welsch et al., 2011). They reported that about 80% of the VCCs were RR
positive and about 20% of the VCCs were RR negative. They suggested that each
infected macrophage contained one single VCC that was continuous from the cell surface
by tightly apposed membranous structure with a diameter less than 100 nm. The
membranous VCCs might appeared numerous but were in fact linked from one to another
and had only one access site from the cell surface. By quantitative analysis, the authors
showed that the RR positive tubular membranous VCC increased in size upon HIV-1
infection, suggesting a viral-dependent mechanism of membrane reorganization was
triggered upon HIV-1 infection. In addition, the authors detected budding structures in
the membranous VCC and they characterized the compartment as an HIV-1 assembly and

holding compartment (Welsch et al., 2011).
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Later that year, the Marsh lab added more definition to the VCCs in MDMs,
which they termed intracellular plasma membrane-connected compartments (IPMCs).
Employing immunostaining performed in ultrathin cryosectioned MDMs, they showed
that the VCCs in MDMs were enriched in the B2 integrin CD18, aM integrin CD11b and,
aX integrin CD11c (Pelchen-Matthews et al., 2012). The integrin complexes were
associated with cytoskeleton linker proteins paxillin, talin, and vinculin, which connected
the integrin complexes to the actin cytoskeleton network. The integrin complexes
appeared to exist in uninfected MDMs and their expression increased upon isolation. In
MDM cultures, the integrin complexes were not easily detected by immunostaining by
day 7 post isolation but became prominent by day 13-15 post isolation. The authors
detected budding profiles and immature virions in the compartments and supported the
idea of this compartment being an assembly compartment. Most importantly, the authors
reported that CD18 and the integrin complexes played a role in the maintenance or
organization of the VCCs because siRNA silencing of CD18 leaded to changes in the
distribution of the VCCs. In CD18-depleted MDMs, the VCCs became smaller in size,
more scattered and closer to the cell surface in distribution (Pelchen-Matthews et al.,
2012). Notably, although the VCCs were enriched with CD18, CD18 was not efficiently
incorporated onto virus particles released from HIV-1 BaL infected MDMs, as judged by

an early antibody immunoprecipitation assay (Kramer et al., 2005).

Most recently, the Schindler lab took advantage of an infectious HIV-Gag-iGFP
virus and reported that the first accumulation of HIV-1 was detected in intracellular
bodies near the perinuclear regions of infected MDMs. They found that CD81 or gp120

antibodies were excluded from the compartment before cell permeabilization
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(Koppensteiner et al., 2012). At the same time, preincubation of 2G12 antibody did not
prevent internal HIV-1 transfer from infected MDMs to CemM?7 T cells. Using electron
microscopy and computational three-dimensional reconstruction, the authors suggested
the infected MDMs harbored virus particles at two sites, the VCCs and an associated
web-like structure composed of a complex network of membranes. Assembly and
budding structures were identified in the VCCs but not in the membranous web. The
majority of the compartments were membrane enclosed and were not accessible from the

external environment with antibodies (Koppensteiner et al., 2012).

We performed a series of experiments designed to determine if the VCCs in
MDMs were open to the external environment and accessible to antibodies or small
molecules. The majority of VCCs were found to be inaccessible to exogenously-applied
antibodies against tetraspanins in the absence of membrane permeabilization, while
tetraspanin staining was readily observed following membrane permeabilization. Next,
cationized ferritin was utilized to stain the plasma membrane, and revealed that the
majority of VCCs were inaccessible to the staining. In addition, low molecular weight
dextrans could access only a small population of VCCs, and these tended to be more
peripheral compartments. Therefore, we concluded that the VCCs in MDM s are
heterogeneous, with one population of VCCs being continuous to the plasma membrane
and another population being truly intracellular. Importantly, our result suggested that the
majority of VCCs in infected MDMs were effectively closed to the external environment

(Chuetal., 2012).
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Figure 1. Current models of HIV-1 assembly in primary human macrophages.
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Discussion

Where does HIV assemble and bud in macrophages?

HIV assembly and budding structures have been identified both on the plasma
membrane and in the VCCs of infected MDMs. The relative distribution of budding
structures from infected MDMSs has varied from study to study. Viral budding structures
were reported to be located to predominantly plasma membrane (Jouvenet et al., 2006),
predominantly VCCs (Deneka et al., 2007; Jouve et al., 2007; Koppensteiner et al., 2012a;
Pelchen-Matthews et al., 2012; Welsch et al., 2011a), or both (Bennett et al., 2009;
Welsch et al., 2007). The frequent observation of viral budding structures in the VCCs
suggested that in addition to the plasma membrane, the VCCs could be a site of

productive HIV-1 assembly in infected MDMs.

The endosomal sorting complex required for transport (ESCRT) machinery is
recruited by HIV for virus assembly and budding (Chu et al., 2009; Martin-Serrano and
Neil, 2011). A quantitative ultrastructural study reported that ESCRT proteins localized
to both the endosomal compartment and the plasma membrane in primary T cells and
macrophages (Welsch et al., 2006). In T cells, 15% of the ESCRT proteins labeling was
detected at the plasma membrane, with 8% on endosomes. In macrophages, the
distribution was reversed. However, in both cell types, 45% of the ESCRT protein
labeling was located to tubular-vesicular membranous compartments. Notably, no
significant relocalization of ESCRT proteins was observed in infected cells (Welsch et al.,
2006). The distribution of ESCRT proteins suggested that MDMs could potentially

support HIV assembly at both plasma membrane and the VCCs.
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HIV buds through tetraspanin-enriched microdomains containing CD9, CD63,
CD81, CD82 in macrophage, and T cells (Thali, 2009, 2011). Our group and others have
reported that these tetraspanins are located to the plasma membrane as well as the virus-
containing compartments in MDMs. Therefore, the presence of tetraspanin-enriched
microdomains does not resolve the question of where HIV-1 buds in infected MDMs.
Taken all the published data together, it seems likely that both plasma membrane and the
VCC can serve as assembly sites, while perhaps the more important question is what

regulates assembly at the plasma membrane versus the VCC.

What is the nature of the VCCs in infected macrophages?

The VCCs are enriched in markers such as CD9, CD63, and CD81. However,
since these markers are also present on the plasma membrane, these markers cannot be
used to differentiate the biological nature of the VCCs. Multiple laboratories have
provided strong evidence and established that VCCs in infected MDMs were in fact
internal continuation of the plasma membrane that posed a complex membranous
structure (Deneka et al., 2007; Pelchen-Matthews et al., 2012; Welsch et al., 2011a;
Welsch et al., 2006). However, multiple lines of evidence reported from different
laboratories also suggest that at least a population of VCCs are truly intracellular and

intersect with the endocytic pathway.

The Bieniasz lab showed that intracellular accumulation of Gag-GFP was
inhibited with the expression of dominant negative form of EPS-15 in 293T cells,
indicating that intracellular Gag originate from the endocytic pathway. Importantly,

inhibition of an actin-dependent internalization process disrupted particle accumulation in
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the VCCs of MDM s (Jouvenet et al., 2006). This actin-dependent internalization process
could potentially be macropinocytsis or phagocytosis. In line with this report, it was
reported previously that HIV-1 could enter macrophages by macropinocytosis. The
macropinosomes were 0.2 um to 3 um in diameter and were completely protected from
RR staining (Marechal et al., 2001). In addition, the Benaroch lab showed that
endocytosed or phagocytosed virions were targeted to acidic endosomes while
endogenously assembled virions were targeted to non-acidic endosomes (Jouve et al.,
2007). From our experiments in infected MDMs, we frequently observed virions lining
up on the limiting membrane of VCCs. Occasionally, multiple “rings” of virus particles
can be observed in a single VCC. This structure resembled tethered virions on the plasma
membrane of tetherin-expressing cells infected with VVpu-deficient viruses. It is tempting
to speculate that such structure is derived from internalization of plasma membrane since
macrophages are specialized in the internalization of cellular debris and pathogens by
phagocytosis or macropinocytosis. We recently demonstrated that tetherin is enriched in
the VCCs. Our data indicate that tetherin is upregulated upon HIV infection of MDMs
and that Vpu fails to effectively counteract tetherin in this particular cell type. It is also
known that monocytes and MDMs express 2-5 times more tetherin than T cells (Bego et
al., 2012b; Homann et al., 2011; Kawai et al., 2006). The enrichment of tetherin in VCCs
can be a result of internalization of cell surface tetherin. Given the tethering nature of
tetherin with the virions and the plasma membrane, it is tempting to postulate that
tetherin may facilitate the internalization of budding virus particles into internal
compartments, either from the cell surface or from the sequestered plasma membrane

domain. In combination, the highly expressed tetherin and the inefficiency of Vpu in
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counteracting tetherin in MDMs may contribute to the discrepancy in the site of HIV
assembly in MDMs comparing to T cells and at the same time leading to the formation of

intracellular VCCs in MDMs.

We propose that infected MDMs contain two populations of VCCs. One
represents an apparent intracellular compartment that results from complex folding of the
plasma membrane of MDMs, while the other represents internalized virus particles from
the plasma membrane that are deposited in an endosomal compartment. The complex
folding of the plasma membrane is likely to explain what has been observed as the
connections between the plasma membrane and this compartment, while the late
endosomal compartments containing virions are truly closed and inaccessible to the

external environment.

What is the destiny of the virus in the VCCs in infected macrophages?

It is not known whether deposition of virus in the VCCs of infected MDMs results
in an effective reservoir of infectious virus that can be spread to other cells, or if this
compartment represents a dead end for endocytosed particles. Therefore, it is important to
elucidate the fate of the virions inside these VCCs. The Stevenson lab showed that
infected MDMs were capable of harboring infectious HIV-1 particles in the VCCs for at
least 7 weeks (Sharova et al., 2005). The Benaroch lab further showed that the VCCs in
infected MDMs were not acidic and that the virus particles in the VCCs could potentially
escape degradation by preventing the acidified of the VCCs (Jouve et al., 2007). It was
also shown previously that virions in the VCCs trafficked to the cell-cell synapse and

were involved in cell-cell transmission (Gousset et al., 2008; Groot et al., 2008).
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Among the two populations of VCCs we propose, the internally sequestered
plasma membrane compartment could certainly be capable of releasing accumulated
virions upon appropriate stimulation. The fate of the internalized virions in late
endosomes, however, may or may not be the same. It has been reported that the 29/31KE
mutant virus, which targeted to the endosomes, could support productive HIV-1
replication, assembly and release (Joshi et al., 2009). However, it was also shown that in
cell-cell transmission assays, only the wild type but not the 29/31KE mutant virus could
traffic toward the cell-cell synapses (Gousset et al., 2008). The Benaroch lab showed that
endocytosed virions were targeted to acidic compartments that were distinct from the
typical VCCs and that these populations of virions were subsequently degraded (Jouve et

al., 2007).

Conclusions

The VCCs in infected MDMs have been extensively studied for over two decades.
It is now clear that the VCCs incorporate specific markers including CD9, CD53, CD63,
CD81, CD82, as well as MHCII. Evidence so far suggests that HIV assembly and release
can occur both at the plasma membrane and the VCCs. We also propose that the VCCs in
infected MDMs are heterogeneous, with one population representing the internally
sequestered membranous structure and another one bearing internalized virus particles
either from the plasma membrane that are endocytosed into late endosomes. Because
infected macrophages are important in the pathogenesis of HIV infected individuals, it
will be important in future studies to determine the factors regulating the formation of
distinct population of the VCC, and to determine if infectious virions are released to

infect target cells from one or both of these compartments. Further investigation aimed at



the eradication of the intracellular collections of HIV virions in VCCs could be
worthwhile in altering HIV pathogenesis and in attempts to cure infected individuals of

HIV infection.

48
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THE ROLE OF TETHERIN IN HIV-1 BIOLOGY

As my studies in MDMs progressed, | investigated the role of a new host restriction
factor (tetherin) in the replication of HIV-1 in MDMs. Because this eventually became an
important component of my dissertation work, | provide a summary of tetherin biology

below.

Introduction to Tetherin

Tetherin, also known as BST-2, CD317, or HM1.24, was identified as a novel
restriction factor for HIV in 2008 (Neil et al., 2008; VVan Damme et al., 2008). Tetherin is
constitutively expressed on mature B cells, plasmacytoid dentritic cells, T cells,
monocytes, macrophages (Vidal-Laliena et al., 2005), as well as several cancer cell lines
including myeloma (Ohtomo et al., 1999; Ono et al., 1999; Ozaki et al., 1997). The
expression of tetherin is inducible in a large number of additional cell types by type |
interferon (IFN) (Blasius et al., 2006). It is also known that monocytes and macrophages
express 2-5 times higher level of tetherin than T cells (Bego et al., 2012b; Homann et al.,

2011; Kawai et al., 2006).

Structure of Tetherin

Tetherin has a very unique structure, with the prion protein PrP demonstrating a
similar topology (Moore et al., 1999). Tetherin is a type Il transmembrane protein with a
N terminal transmembrane domain and a C terminal glycosyl phosphatidy! inositol (GPI)
membrane anchor (Kupzig et al., 2003). Tetherin has 181 amino acids with a molecular
weight of 29 to 36 in Western Blot analysis depending on the glycosylation level. The

tetherin ectodomain contains two N-linked glycosylation sites, three cysteine residues
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and a coiled-coil motif that is responsible for homodimerization of tetherin monomers. In
2010, a structural study revealed that the tetherin ectodomain contains a parallel, dimeric,
disulfide-bound a-helical colied-coil (Hinz et al., 2010). With the GPI anchor, tetherin is
associated with cholesterol-enrich lipid micro-domains, at where HIV and other
enveloped viruses are thought to assemble and bud from. Tetherin is predominantly
localized to the plasma membrane and the trans-golgi network (TGN), as well as to early
and recycling endosomes. Tetherin contains a highly conserved YxYxx® motif at its
short N terminus cytoplasmic tail. This motif is a classic endocytic motif recognized by
adaptor protein complexes (APs). Specifically, it has been shown that AP-2 can recognize
this motif through its o subunit and mediates the endocytosis of tetherin from the cell
surface to early endosome, followed by early endosome to TGN trafficking mediated by
the p subunit of AP-1 (Masuyama et al., 2009; Rollason et al., 2007). However, it
remains incompletely understood whether tetherin reaches the TGN from the plasma
membrane will be recycled back to the cell surface or will be destined for degradation. In
polarized epithelial cells, tetherin localizes to the apical side of the cell and is associated
with the cortical actin network through an interaction between the RICH2 protein
(Rollason et al., 2009). A schematic representation of a tetherin dimer is shown in Figure

7 (Adapted from (Dube et al., 2010a)).
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Figure 1. Schematic representation of tetherin. Secondary and tertiary model of

human Tetherin. Glycosylation sites at position 65 and 92 are shown as well as the GPI-
anchor and the cytoplasmic, transmembrane (TM) and extracellular coiled-coil domains.
The functional parallel dimeric state is shown here (Adapted from (Dube et al., 2010a)).
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Tetherin as a Restriction Factor

Following the identification of tetherin as a restriction factor for HIV-1, tetherin
was subsequently shown to have the capability to restrict a board range of enveloped
viruses, including retroviruses (alpharetroviruses, betaretroviruses, gammaretroviruses
deltaretroviruses, lentiviruses, spumaretroviruses), filoviruses (Ebola virus and Marburg
virus), arenaviruses (Lassa virus and Machupo virus), paramyxoviruses (Nipah virus),
gamma-herpesviruses (Kaposi’s sarcoma-associated herpesvirus (KSHV)), rhabdoviruses
(vesicular stomatitis virus), flaviviruses (hepatitis C virus), Orthomyxoviruses (Influenza
virus) (Arnaud et al., 2010; Dafa-Berger et al., 2012; Groom et al., 2010; Jouvenet et al.,
2009; Kaletsky et al., 2009; Le Tortorec and Neil, 2009; Mangeat et al., 2012; Mansouri
et al., 2009; Pardieu et al., 2010; Radoshitzky et al., 2010; Sakuma et al., 2009; Weidner

etal., 2010).

As hinted by the broad range of restriction, tetherin restricts viral particle release
in @ manner that does not require specific sequence recognition. Reports from multiple
labs have shown that tetherin restricts particle release by forming a physical bridge
between the cellular plasma membrane and the envelope of the nascent virions as well as
between individual virions (Fitzpatrick et al., 2010; Hammonds et al., 2010). However,
the exact topology of tetherin molecule between the two membranes remains
incompletely elucidated. In parallel, the precise composition of the linker between the
two membranes is not dissected as the linkers often appear much longer than the length
of tetherin molecules, which should be 17 nm. Importantly, the Bieniasz lab definitively
showed that by using an artificial molecule that resembled the structural configuration of

tetherin, viral particle release was inhibited in a manner highly similar to tetherin (Perez-
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Caballero et al., 2009). This artifical molecular contained a N terminal transmembrane
domain from the transferring receptor, a coiled-coil motif from distrophia myotonica
protein kinase (DMPK), and a GPI anchor from the urokinase plasminogen activator

receptor (UPAR).

While the glycosylation sites are important for proper protein transport, they are
nevertheless dispensable for the restriction function of tetherin. On the opposite hand,
dimerization through the coiled-coil motif as well as the GPI anchor is essential for
tetherin’s anti-viral activity. In addition, disulfide bonds formation between the cysteine
residues is required to maintain the stability of the dimmers and tetherin’s restriction
activity as studies have shown that at least one disulfide bond formation is needed before
the restriction activity of tetherin is abolished (Andrew et al., 2009; Perez-Caballero et al.,

2009).

Tetherin and HIV-1 Vpu

Because tetherin targets the envelope of the envelope viruses but not specific viral
gene or proteins, the viruses that tetherin restricts cannot simply evade restriction by
mutations. To date, 7 viral gene products have been reported to capable of counteracting
the effect of tetherin, including HIV-1 Vpu, HIV-2 Env, SIV Nef, SIV Env, SIV Vpu,

KSHV K35, and the Ebola glycoprotein.

The antagonism mechanism of tetherin by HIVV-1 Vpu has been extensively
studied. Current evidence suggests that HIV-1 Vpu counteracts the effect of tetherin by
proteasomal degradation, lysosomal degradation, or intracellular sequestration. With flow

cytometry and Western blotting analyses, multiple reports have shown that both cell
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surface tetherin level and total cellular level are decreased upon Vpu expression (Douglas
et al., 2009; Goffinet et al., 2009; Iwabu et al., 2009; Mangeat et al., 2009; Mitchell et al.,

2009; Miyagi et al., 2009; Van Damme et al., 2008).

Importantly, the recruitment of B-transducin repeat containing protein (B-TrCP)
subunit of Skp1-Cullin1-F-box E3 ubiquitin ligase complex is required for Vpu-mediated
tetherin degradation. B-TrCP1 and B-TrCP2 both bind to a highly conserved motif in the
Vpu cytoplasmic tail. In addition, B-TrCP, Vpu, and tetherin are also found to from a
tertiary complex. (Douglas et al., 2009; Iwabu et al., 2009; Mangeat et al., 2009;
Mitchell et al., 2009). Degradation of tetherin was first thought to be proteasomal because
treatment with proteasomal inhibitors including MG-132 significantly inhibited
exogenously-expressed tetherin degradation. At the same time, a dominant negative
mutant that disrupted polyubiquitination also prevented tetherin degradaion (Goffinet et
al., 2009; Mangeat et al., 2009). On the other hand, evidence supporting lysosomal
degradation of tetherin showed that inhibitors of lysosomal sorting and acidification by
concanamycin and bafilomycin A also prevented tetherin degradation (Douglas et al.,
2009; Mitchell et al., 2009). In addition, a component of the ESCRT pathway, HRS, was
recently implicated in Vpu-mediated tetherin down-regulation (Janvier et al., 2011),
further suggesting a role of the endocytic lysosomal pathway in tetherin degradation.
Notably, evidence supporting the lysosomal degradation mechanism was obtained from
studies of endogenously expressed tetherin. In contrast, for the proteasomal degradation
mechanism data were obtained from studies of epitope-tagged exogenously expressed

tetherin.
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Current evidence has suggested that degradation of tetherin by itself does not
completely account for Vpu-mediated antagonism of tetherin. Vpu does not promote the
rate of tetherin endocytosis (Dube et al., 2010b; Mitchell et al., 2009). Previous study has
shown that proper cellular localization of Vpu to the TGN is essential for overcoming the
restricting activity of tetherin on HIV-1 release (Dube et al., 2009). In line with this
observation, the localization of anti-tetherin factors to a perinuclear compartment that
colocalize with TGN has shown to be sufficient in leading to cell surface down-
regulation of tetherin (Dube et al., 2010b; Hauser et al., 2010; Pardieu et al., 2010).
However, it remains to be thoroughly examined whether Vpu sequesters nascent tetherin
molecule when tetherin is trafficking to the viral budding site or Vpu interferes with the

endocytosed population of tetherin and prevents its recycling.
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I1. THE INTRACELLULAR VIRUS-CONTAINING COMPARMENTS IN
PRIMARY HUMAN MACROPHAGES ARE LARGELY INACCESSIBLE TO

ANTIBODIES AND SMALL MOLECULES

This chapter is taken from my first author publication in PLoS One. The nature of the
VCCs in MDMs became a controversial issue during my thesis, and there was clearly
some resistance to the idea that some of the VCCs were closed and inaccessible to the
external environment. While my main work turned to the cellular factors that help to

form the VCC, | felt compelled to publish separately the data demonstrating that the large,
deep VCCs in MDMs were inaccessible to the environment. This chapter represents that

publication and that part of my thesis work.

ABSTRACT

HIV-1 assembly and release occurs at the plasma membrane of human T
lymphocytes and model epithelial cell lines, whereas in macrophages intracellular sites of
virus assembly or accumulation predominate. The origin of the intracellular virus-
containing compartment (VCC) has been controversial. This compartment is enriched in
markers of the multivesicular body, and has been described as a modified endosomal
compartment. Several studies of this compartment have revealed the presence of small
channels connecting to the plasma membrane, suggesting that instead of an endosomal
origin the compartment is a modified plasma membrane compartment. If the
compartment were accessible to the external environment, this would have important
implications for antiviral immune responses and antiviral therapy. We performed a series

of experiments designed to determine if the VCC in macrophages was open to the
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external environment and accessible to antibodies and to small molecules. The majority
of VCCs were found to be inaccessible to exogenously-applied antibodies to tetraspanins
in the absence of membrane permeabilization, while tetraspanin staining was readily
observed following membrane permeabilization. Cationized ferritin was utilized to stain
the plasma membrane, and revealed that the majority of virus-containing compartments
were inaccessible to ferritin. Low molecular weight dextrans could access only a very
small percentage of VCCs, and these tended to be more peripheral compartments. We
conclude that the VCCs in monocyte-derived human macrophages are heterogeneous, but

the majority of VCCs are closed to the external environment.

INTRODUCTION

Human immunodeficiency virus type 1 (HIV-1) assembly occurs predominantly
at the plasma membrane of infected T lymphocytes and model epithelial cell lines (Chu et
al., 2009; Finzi et al., 2007; Gelderblom, 1991; Jouvenet et al., 2006; Ono and Freed,
2004). In contrast, infected macrophages examined by electron microscopy and
immunofluoresent microscopic techniques reveal an intense intracellular accumulation of
virions in a compartment marked by characteristic components of the multivesicular body
(MVB), including CD81, CD9, MHC Class Il, and CD63 (Nydegger et al., 2003;
Pelchen-Matthews et al., 2003; Raposo et al., 2002; Sherer et al., 2003). The presence of
apparent assembly in intracellular sites with characteristics of the MVB in macrophages
led to models for HIV-1 assembly in which the endocytic network plays an important role.
Some models for HIV-1 assembly in macrophages propose that intracellular assembly
predominates, with release from the intracellular compartment across the virologic

synapse upon contact with T cells (Gousset et al., 2008; Groot et al., 2008; Montaner et
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al., 2006). This mode of transmission of HIV to T lymphocytes may be essentially the
same as that proposed for the dendritic cell-T cell infectious synapse (Garcia et al., 2005;
Hubner et al., 2009; McDonald et al., 2003; Yu et al., 2008). Defining the precise site of
assembly in the macrophage and the factors determining the apparent intracellular

assembly site thus has relevance to a number of areas of HIV biology.

Small channels linking the VCC in macrophages to the plasma membrane were
first identified by Welsch and colleagues using a membrane-impermeant dye ruthenium
red (Welsch et al., 2007). The intracellular VCCs were shown to be accessible from the
cell surface by Deneka and colleagues using HRP at 4 °C or when fixed and stained with
ruthenium red (Deneka et al., 2007). Images of relatively large conduits extending from
intracellular VCCs were demonstrated by Bennett and coworkers (Bennett et al., 2009).
These investigators found that channels of 150-200 nm in diameter led to the cell surface
from the VCC. The channels were often found to contain viruses, suggesting that viruses
may be directionally released through these channels without invoking exocytosis of the
compartment itself. The VCC has been referred to as the intracellular plasma membrane-
connected compartment (IPMC) in recognition of its unique connection to the outside of
the cell (Pelchen-Matthews et al., 2012). The IPMC is a compartment present in cultured
macrophages in the absence of HIV-infection, and is characterized by enrichment of the
B2 integrin CD18 as well as CD11a, CD11b, talin, vinculin, and paxillin (Pelchen-

Matthews et al., 2012).

While it is clear that a proportion of intracellular VCCs contain channels to the
external environment, it is not clear that this is a characteristic of all VCCs. In the initial

report using ruthenium red, unstained intracellular compartments with virus were equally
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prominent, and the relative number of stained vs. unstained compartments varied by
donor (Welsch et al., 2007). Another report found that only 20% of apparent endosomal
VCCs were stained with ruthenium red (Jouve et al., 2007). The presence of a VCC that
is not accessible would have important potential implications for the ability of
macrophages to serve as an HIV reservoir, as viruses in this compartment would be
protected from neutralizing antibodies. Furthermore, the presence of an open channel to
the exterior of the cell could potentially serve as a route of exit of infectious viral
particles or a route of entry of neutralizing antibodies. In this study, we quantified the
accessibility of the intracellular VCC in human monocyte-derived macrophages to
antibodies, to cell surface staining with cationized ferritin, and to entry of low molecular
weight dextrans. We report that the majority of intracellular VCCs are inaccessible to

antibodies and dextran and to a general cell surface stain.

RESULTS

Tetraspanin-enriched HIV-1 positive compartments in infected MDMs are not

accessible to the external environment.

It has been previously demonstrated that the virus-containing compartments
(VCCs) in infected macrophages are enriched in tetraspanins including CD81, CD82,
CD9, CD63, and in MHC class Il molecules (Deneka et al., 2007; Nydegger et al., 2003;
Pelchen-Matthews et al., 2003; Raposo et al., 2002; Sherer et al., 2003). We first
endeavored to establish in our hands whether the VCCs were contiguous with the plasma
membrane and open to the external environment as has been demonstrated by others

(Bennett et al., 2009; Deneka et al., 2007). To do this, we tested the ability of antibodies
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against CD81, CD9, and CD63 to stain the compartments before and after cell
permeabilization. Antibodies were each directed against the extracellular loops of the
tetraspanins, which are oriented toward the lumen of the VCC and should be accessible to
an antibody reaching this compartment. HIV-infected monocyte-derived macrophages
(MDMs) were fixed and immunolabeled with antibodies against either CD81, CD9, or
CD63 in the absence of cell permeabilization, followed by cell permeabilization and
labeling with an anti-Gag antibody. We observed significant labeling of the tetraspanins
at the plasma membrane under these conditions, but not within intracellular
compartments of the cells in the absence of permeabilization (Fig. 1). The majority of
Gag protein staining was observed in intracellular compartments, and we did not observe

colocalization between tetraspanins and Gag staining in unpermeabilized cells.
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Figure 1. Tetraspanin-enriched HIV-1 positive compartments in infected MDMs are
not accessible to the external environment. Human MDMs were infected with VSV-G-
pseudotyped HIV-1. 8 days post infection, cells were fixed and immunolabeled for
tetraspanins (red, anti-CD81, anti-CD9, or anti-CD63) without cell permeabilization,
followed by permeabilization and immunolabeling for HIV-1 Gag (green, anti-MA).
Image acquisition was performed with an Improvision/Perkin Elmer spinning disc
confocal fluorescence microscope. Bars represent 16 um.
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Tetraspanin-enriched HIV-1 positive compartments in infected MDMs are not

accessible to the external environment even prior to the fixation procedure.

To examine the possibility that the fixation process might have affected the
accessibility of the antibodies to the VCCs by altering or cross-linking the channels, we
labeled infected MDMs at 4 °C prior to any fixation, then fixed, permeabilized, and
stained for Gag protein as before. Tetraspanins were again detected on the plasma
membrane of infected MDMs, and Gag was readily detected in the VCCs, while no anti-

tetraspanin antibody was observed within this intracellular compartment (Fig. 2).
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Figure 2. Tetraspanin-enriched HIV-1 positive compartments in infected MDMs are
not accessible to the external environment even prior to the fixation procedure.
Human MDMs were infected with VSV-G-pseudotyped HIV-1. 8 days post infection,
cells were labeled with primary antibodies against tetraspanins (red, anti-CD81, anti-CD9,
or anti-CD63) at 4 °C for 1.5 hour. Labeled MDMs were then fixed, permeabilized and
immunolabeled for secondary antibody against the tetraspanins and HIV-1 Gag (green,
anti-MA). Image acquisition was performed with an Improvision/Perkin EImer spinning
disc confocal fluorescence microscope. Bars represent 10 um for the top panels and 11
um for the middle and bottom panels.
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Tetraspanin-enriched HIV-1 positive compartments in infected MDMs are not

accessible to the external environment until permeabilized.

In contrast, HIV-infected MDMs that were first permeabilized and then
immunolabeled with antibodies against tetraspanins and Gag displayed prominent
tetraspanin labeling both at the plasma membrane and within the intracellular
compartments. Permeabilization revealed a prominent population of tetraspanin that
colocalized with Gag in large intracellular VCCs (Fig. 3). These experiments indicated to

us that antibodies could not access the VCCs in intact MDMs.
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Figure 3. Tetraspanin-enriched HIV-1 positive compartments in infected MDMs are
not accessible to the external environment until permeabilized. Human MDMs were
infected with VSV-G-pseudotyped HIV-1. 8 days post infection, cells were fixed and
immunolabeled for HIV-1 Gag (green, anti-MA) and tetraspanins (red, anti-CD81, anti-
CD9, or anti-CD63) after permeabilization, followed by imaging acquisition with an
Improvision/Perkin Elmer spinning disc confocal fluorescence microscope. Bars
represent 16 pum.
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Tetraspanin-enriched HIV-1 positive endosomal compartments in infected MDMSs

are not accessible to the external environment.

We next utilized a previously described MA mutant, 29/31KE, that assembles
within the intracellular MVB compartment as a tool to determine if the compartment in
macrophages in which we observed Gag and tetraspanin colocalization was indeed
endosomal (Joshi et al., 2009; Svarovskaia et al., 2004). MDMs were infected with VSV-
G-pseudotyped HIV 29/31KE virus for 8 days, followed by immunostaining for CD81,
CD9, CD63, and Gag. As we had observed with wildtype virus-infected cells, for cells
labeled with antibodies against the tetraspanins before cell permeabilization, minimal
intracellular tetraspanin label and little colocalization between tetraspanins and Gag was

observed (Fig. 4).
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Figure 4. Tetraspanin-enriched HIV-1 positive endosomal compartments in infected
MDMs are not accessible to the external environment. Human MDMs were infected
with VSV-G-pseudotyped 29/31 KE mutant HIV-1. 8 days post infection, cells were
fixed and immunolabeled for tetraspanins (red, anti-CD81, anti-CD?9, or anti-CD63)
without cell permeabilization, followed by permeabilization and immunolabeling for
HIV-1 Gag (green, anti-MA). Image acquisition was performed with an
Improvision/Perkin Elmer spinning disc confocal fluorescence microscope. Bars
represent 16 pum.
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Endosomal compartment markers colocalize with Gag in macrophages infected with

29/31 KE endosomal-targeting mutant virus after permeabilization.

In contrast, when cells were first permeabilized, a significant amount of
tetraspanin staining was observed intracellularly, and cells displayed a strong
colocalization between tetraspanins and intracellular Gag in general (Fig. 5). Thus the
MV B-targeted mutant virus identified an intracellular compartment that appeared
identical to that marked by wildtype virus, and this compartment was not accessible to

antibodies applied externally.



69

Tetraspanin Gag Merge

CD81

16,00 pm 16,00 pm 16,00 pm

CD9

16,00 pm 16,00 pm 16,00 pm

CD63

16.00 pm 16.00 pm 16,00 pm

Figure 5. Endosomal compartment markers colocalize with Gag in macrophages
infected with 29/31 KE endosomal-targeting mutant virus after permeabilization.
Human MDMs were infected with VSV-G-pseudotyped 29/31 KE mutant HIV-1. 8 days
post infection, cells were fixed and immunolabeled for HIV-1 Gag (green, anti-MA) and
tetraspanins (red, anti-CD81, anti-CD9, or anti-CD63) after cell permeabilization,
followed by imaging acquisition with an Improvision/Perkin Elmer spinning disc
confocal fluorescence microscope. Bars represent 16 um.
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Quantitation of colocalization of Gag in macrophages infected with WT or 29/31 KE

endosomal-targeting mutant virus before and after permeabilization.

To account for cell- to cell-variation across different donors and provide
quantitation of colocalization, we compared the degree of colocalization between the
tetraspanins and Gag in MDMs quantitatively using cells from five individual donors. We
employed images of 15 cells stained for Gag and each tetraspanin to derive the
colocalization data shown in Fig. 6. For cells in which tetraspanin staining was performed
before cell permeabilization, the average R-value (using Pearson’s correlation) for
tetraspanin and Gag colocalization for wildtype virus was 0.14 +0.03, 0.15 £0.03, and
0.18+0.09 for CD81, CD9, and CD63, respectively. For cells in which tetraspanin
staining was performed at 4 degree before fixation and permeabilization, we detected an
averaged R-value of 0.14 £0.02, 0.14 +0.03, and 0.13 £0.03 for CD81, CD9, and CD63,
respectively (data not shown). For cells in which tetraspanin staining was performed after
cell permeabilization, we detected an averaged R-value of 0.66 +0.04, 0.69 £0.04, and
0.62 £0.09 for CD81, CD9, and CD63, respectively (quantitation presented in Fig. 6).
These results confirmed our visual impression that antibodies to the tetraspanins were
generally not able to reach the intracellular VCC in intact non-permeabilized
macrophages. Results were quite similar for MDMs infected with virus bearing the
29/31KE mutation (Fig. 6). When tetraspanin staining was performed before cell
permeabilization, the average R-value for tetraspanins and Gag colocalization was 0.14
+0.05, 0.10 +0.02, and 0.15+0.04 for CD81, CD9, and CD63, respectively. For cells in
which tetraspanin staining was performed after cell permeabilization, we detected an

averaged R-value of 0.64 £0.10, 0.61 +0.08, and 0.70+0.07 for CD81, CD9, and CD63,



respectively (Fig. 6). These results indicate that both wildtype and 29/31KE virus are
concentrated in an MVB-like compartment within human macrophages that is not

accessible to antibodies.
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Figure 6. Quantitation of colocalization of Gag in macrophages infected with WT or
29/31 KE endosomal-targeting mutant virus before and after permeabilization.
Volocity software package (Perkin Elmer) was used to quantify colocalized pixels before
(grey) and after (white) permeabilization of cells. Error bars represent standard deviation,
from a total of 30 cells examined for each experiment.
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The predominant population of the virus-containing compartments in infected

MDMIs is inaccessible to the cationic ferritin cell surface label.

To evaluate the nature of the assembly compartments using another approach, we
employed electron microscopy (EM) and cationized ferritin staining, which provided a
direct visualization of the cell surface and potentially the structure of the assembly
compartments independent of immunolabeling. Cationized ferritin (CF) is a positively
charged membrane-impermeable dye that has been used to study the ultrastructure of the
cell membrane (Burry and Wood, 1979; Frank et al., 2002). We first established the
ferritin staining method in uninfected MDMs. In these cells, we observed strong labeling
of cationized ferritin on the plasma membrane (Fig. 7A, 7B). In addition, we detected
apparent intracellular compartments that were positively labeled with ferritin, suggesting
that these compartments were in fact accessible from the plasma membrane, similar to
findings of other groups (Deneka et al., 2007; Welsch et al., 2007) (Fig. 7B, IC). CF-
stained folds or channels were apparent in connection with these stained compartments
and with the plasma membrane (Fig. 7B). Thus, CF stained the plasma membrane of
MDMs and reproduced the finding of folded PM or small channels that had been

described by others.

We next applied plasma membrane staining with CF to HIV-infected MDMs for a
quantitative analysis of staining of the VCC. To do this, mature MDMSs cultured on
ACLAR embedding film were infected with HIV-1, maintained in macrophage growth
media for eight days, fixed with paraformaldehyde/glutaraldehyde, and stained with
cationized ferritin. Infected macrophages demonstrated virus particles at the plasma

membrane that were stained with CF (Fig. 7C). As with uninfected MDMs, we found
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both ferritin-positive and ferritin-negative compartments in infected MDMs (Fig. 7D).
HIV-1 particles could be found in a subset of the ferritin-positive compartments. We
observed that cationized ferritin labeled the folded plasma membrane and some apparent
intracellular compartments, in particular those near the periphery of cells (Fig. 7D, arrow),
while larger VCCs were often unlabeled with CF (Fig. 7D, lower compartments). Fig 7E
and 7F illustrate CF labeling of the PM protrusions of the macrophage along with
unlabeled VCCs (minus signs indicate CF-negative compartments in 7F). Fig. 7G-1
provide additional representative sections demonstrating cell surface CF staining and CF-
negative intracellular VCCs. We then quantified the number of surface label-positive and
negative intracellular VCCs in infected MDMSs from 5 different donors. Altogether, we
identified 329 intracellular viral compartments in 51 cells, and of these 298 or 90.6%
were ferritin-negative and only 31 or 9.4% were ferritin positive (Fig. 7J). We conclude
from these results and those from antibody labeling experiments described above that the
majority of the deep, intracellular VCCs are inaccessible to the extracellular environment,
while a minority of smaller, more peripheral virus-containing compartments with

connection to the plasma membrane are also present.
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Figure 7. The majority of virus-containing compartments in infected MDMs are
inaccessible to a cell surface label. (A-B) Uninfected Human MDMs cultured on
ACLAR embedding film were fixed and stained with cationized ferritin (CF), followed
by standard electron microscope processing procedures. Images were then obtained under
a Hitachi H-7500 transmission electron microscope. Cationized ferritin labeled plasma
membrane is seen along the plasma membrane (PM). (A) and (B) represent uninfected
macrophages, bars = 0.5 pm. IC = apparent intracellular space stained with CF. (C) HIV
particles were seen at PM and stained with CF on periphery of cells (arrows). Bar = 1 um.
(D) CF is seen staining HIV particles underlying a PM fold (arrow), while deeper VCCs
lack CF staining. Bar = 0.5 um. (E-F) CF staining of membrane protrusions contrasts
with lack of CF in intracellular VCCs (F is higher magnification view of boxed region in
E). Bar=1.0 um (E), 0.5 pm (F). (G-1) Additional views of PM staining with CF and
exclusion of CF from VCC. (H represents higher magnification view of boxed region
from G, bars =2 um). (J) VCCs were counted as CF+ or CF- from 329 apparent
intracellular VCCs in more than 50 cells. The number of CF-negative compartments vs.
CF-positive compartments is indicated.
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Low molecular weight dextran is largely excluded from VCCs in HIV-1-infected

MDMs.

We considered that antibodies are relatively large structures that may not be able
to pass through very narrow plasma membrane channels, especially if the channels are
formed by folds in which membranes are very closely apposed. Ferritin is also a large
cation (450 kD) and might not pass through convoluted, narrow channels. We therefore
next examined the ability of fluorescent low-molecular weight dextran to reach the VCC
in unfixed MDMs. HIV-infected MDMs were incubated at 37 °C or 4 °C with Dex-TR
(3000 MW) for 30 minutes prior to fixation, permeabilization, and staining as before.
MDMs incubated at 37 °C for 30 minutes demonstrated strong colocalization of dextran
and Gag in intracellular compartments (Fig. 8A and 8B). On the other hand,
colocalization of dextran and Gag in VCCs at 4 °C was much more limited regardless of
the washes prior to fixation (Fig. 8C). In order to ensure that we were not washing out the
dextran in this experiment, we simply aspirated and replaced the media without any
additional wash steps. The colocalization of dextran and Gag remained very limited even
in the absence of washes (Fig. 8D). Intriguingly, we observed some dextran-labeled
compartments that were in close proximity to the VCCs but did not colocalize with Gag
(Fig. 8C and 8D). Dextran-positive compartments at 4 °C were in general small and
peripheral (Fig. 8C and 8D), similar to the CF-positive VCCs identified in our
transmission EM studies. We acquired z-stacks of images from ten representative cells at
each temperature, and determined colocalization by volume of intracellular Gag and
intracellular dextran at these temperatures. Fig. 8E shows the comparison of intracellular

Gag volume (grey bars) to the volume where dextran and Gag colocalized, presented as
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averaged intracellular Gag voxels/cell (gray bars) and averaged colocalized (Gag +
dextran) voxels/cell (white bars). We note that at 4 °C, colocalization of intracellular Gag
and dextran was quite low (0.51 pm? to 0.77 um® colocalized voxels on average per cell,
versus 3.40 um® colocalized voxels at 37 °C, Fig. 8D). Thus, despite 30 minutes of
contact with living cells at 4 °C, little dextran reached the VCC. These results, together
with the antibody and CF results above indicate that the majority of VCCs are not open

and accessible to the external environment.



37 °C

4 °C No Wash 4 °C 37 °C

Volume (um?)

11,00 pm
E
9
8
7
6
5
4 4
3
2
1
0

37 °C

11.00 pm

_1_ B Volume Gag
- [ Volume Colocalized

. Gl
4°C 4°C No Wash

79



80

Figure 8. Low molecular weight dextran is largely excluded from VCCs in
macrophages. HIV-infected MDMs were incubated with Texas red dextran, 3000 MW,
at 37 °C or 4 °C for 30 minutes. Cells were then fixed and stained for Gag (green). (A,B)
Representative images of cells incubated at 37 °C. (C) Representative image of cells
incubated at 4 °C. (D) Representative image of cells incubated at 4 °C with no wash prior
to fixation. Bars = 11 um. (E) Quantitation of colocalized voxels from 3D image stacks
derived from ten cells at each temperature, presented as um®. Error bars indicate standard
deviation.
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Exogenously supplied Gag-GFP VLPs colocalized with CD81 in VCCs of un-

infected macrophages.

We next wanted to examine if the VCCs directly intersect the endocytic pathway.
To address this question we supplied un-infected MDMSs exogenously with Gag-GFP
virus like particles (VLPs). MDMs were incubated with media containing the Gag-GFP
VLPs at 37 degree for 1 hour, 4 hour and 12 hour. Next, MDMs were fixed,
permeabilized, and immunolabeled for endogenous CD81 and examined with confocal
microscopy. Our result showed that exogenously supplied Gag-GFP VLPs were rapidly
internalized into the CD81 compartments in un-infected MDMs because a substantial
level of colocalization between the Gag-GFP VLP and the CD8L1 staining was observed
as early as at the 1 hour time point (Fig. 9). Notably, the size of the CD81 compartments

appeared to increase in size as Gag-GFP VLPs accumulated in the compartment (Fig. S1).
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Supplementary Figure S1. Exogenously supplied Gag-GFP VLPs colocalized with
CD81 in VCCs of un-infected macrophages. MDMs were incubated with Gag-GFP
VLPs at 37 °C for 1 hour, 4 hours, or 12 hours. Cells were then fixed and stained for
CD8L1 (red). (Top panels) Representative images of cells incubated for 1 hour. (Middle
panels) Representative image of cells incubated for 4 hours. (Bottom panels)
Representative image of cells incubated for 12 hours. Bars = 16 um.
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Exogenously supplied Gag-GFP VLPs colocalized with endogenous Env in VCCs of

infected macrophages.

We showed earlier that exogenously supplied Gag-GFP VLPs were internalized
into the CD8L1 positive VCCs in un-infected MDMs. To confirm our result in infected
MDMs, we performed a similar set of experiment using Env staining as a marker for the
VCCs in infected MDMs. We infected MDMs with VSVG-pseudoyped NL4-3. At day 8
post infection, we supplied Gag-GFP VLPs to the infected MDMs. Infected MDMs were
incubated with the Gag-GFP VLPs for 15 minutes or 12 hours at 37 °C. Next, MDMs
were fixed, permeabilized, and immunolabeled for Env and examined with confocal
microscopy. Our result showed that exogenously supplied Gag-GFP VLPs were
internalized into the VCCs in infected MDMs at where endogenous virus accumulated

(Fig. S2).
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Supplementary Figure S2. Exogenously supplied Gag-GFP VLPs colocalized with
endogenous Env in VCCs of infected macrophages. HIV-infected MDMs were
incubated with Gag-GFP VLPs at 37 °C for 15 minutes or 12 hours. Cells were then fixed
and stained for HIV-1 Env (red). (Top panels) Representative images of cells incubated at
37 °C for 15 minutes. (Bottom panels) Representative image of cells incubated at 37 °C
for 12 hours. Bars = 16 um.
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DISCUSSION

Intracellular membrane-bound compartments harboring large collections of virus
particles are frequently observed in HIV-1 infected macrophages. These compartments
are variably referred to as virus-containing compartments (VCCs) or virus assembly
compartments, because in addition to mature virions, immature virus particles as well as
active budding viral structures are sometimes observed (Bennett et al., 2009; Orenstein et
al., 1988). Despite an intense investigation into the characteristics of these intracellular
compartments in macrophages, the nature and origin of the compartments remains
incompletely understood. It is clear that some proportion of the intracellular virion-
containing compartments contain thin connections or tubules linked to the exterior of the
cell (Bennett et al., 2009; Deneka et al., 2007; Welsch et al., 2007). In the current study,
our data argue that although surface accessible compartments are present in infected
MDMs, the majority of the VCCs are not open to the external environment, and those
that are connected appear to be located peripherally in macrophages. It is possible as
noted by others that the antibody molecules might be too large to go through the folded
membrane channels (Deneka et al., 2007). However, CF staining in our experiments
similarly failed to demonstrate a connection to the plasma membrane for the majority of
virus-containing compartments, and even low molecular weight dextran failed to reach
the deep VCCs. Our results suggest that the majority of large intracellular collections of
virions in MDMs reside within a modified endosomal compartment that is discontinuous
with the surface of the cell. These results are most consistent with recent reports from the

Benaroch laboratory (Benaroch et al., 2010b; Jouve et al., 2007) defining a non-acidic
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endosomal compartment with only a minority of the compartments bearing connections

to the plasma membrane.

The reason for differences between our findings and those of Deneka and
colleagues (Deneka et al., 2007) are not entirely clear. CF is a well-established plasma
membrane stain that has been utilized to stain the surface of macrophages and other cell
types (Burry and Wood, 1979; Mutsaers and Papadimitriou, 1988; Thole et al., 1999).
Ferritin is a 450 Kd protein and could be excluded from very small channels, and this
could explain some lack of access to intracellular compartments in which a channel
connects to the PM. It seems unlikely that ferritin would not pass easily through the 150-
200nm open channels described by Bennett and colleagues (Bennett et al., 2009). We
expected that low molecular weight dextrans (3 Kd) would reach the VCCs if open
connections were present to the external media. Although dextrans were efficiently taken
into the VCC within 30 minutes at 37 °C, they were not found in the majority of VCCs at
4 °C. We conclude that the majority of the VCCs are not accessible to the surrounding
media, so that if there are channels to these VCCs they are effectively closed. If channels
exist connecting all VCCs to the plasma membrane, as suggested by the model in which
the VCC is synonymous with the IPMC (Pelchen-Matthews et al., 2012), then some

active process not occurring at 4 °C appears to be required to open the channels.

Macrophages are thought to represent an important reservoir of HIV in infected
individuals (Benaroch et al., 2010b; Crowe et al., 2003; Crowe, 2006). Intracellular
VCCs could protect virus from recognition by antibodies and prevent neutralization or
attachment of binding, non-neutralizing antibodies. The finding here that the majority of

VCCs are not accessed by antibodies in culture supports this notion of a protected
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compartment. We note that a recent publication from the Schindler laboratory
demonstrated findings entirely compatible with those in our report, including lack of
access of antibodies to this closed compartment (Koppensteiner et al., 2012a). In addition
to the lack of accessibility of the VCC to anti-CD81 antibodies, they demonstrate that
neutralizing antibodies to HIV-1 gp120 failed to reach the VCC in the absence of
permeabilization. Thus, the data with cationized ferritin staining, accessibility to dextran,
and accessibility to antibodies directed against tetraspanins and against gp120 all indicate

that the majority of VCCs in macrophages are effectively closed compartments.

We found viral particles on the plasma membrane of macrophages, which was not
the major goal of the study but is contrary to the idea that particle release from the
surface of macrophages is rarely observed. These particles were readily stained with the
CF surface marker as shown in Fig. 6C. Our findings in this regard are not unique
(Welsch et al., 2007) but serve to reinforce the fact that budding occurring on the plasma
membrane surface of macrophages is not a rare event and can be captured in EM images

of infected human macrophages.

In summary, we detected connections between the external environment and the
VCC in only a minority of compartments using a variety of labeling techniques.
Antibodies, cationized ferritin, and low molecular weight dextran were excluded from the
majority of VCCs. Our results suggest that the majority of VCCs in macrophages are not

open to the external environment but rather form a closed intracellular space.
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MATERIALS AND METHODS

Ethics statement. Peripheral blood was obtained from healthy adult volunteer donors
according to a protocol approved by the Emory University Institutional Review Board
(IRB). The Emory IRB approval applies specifically to this study utilizing de-identified
blood samples, as well as other studies using de-identified blood samples that were listed
under the same protocol. Written informed consent was obtained from donors, and

samples were de-identified prior to handling by laboratory personnel.

Preparation of monocyte-derived macrophages (MDMSs). Peripheral blood
mononuclear cells (PBMCs) were obtained from the buffy coat after Ficoll centrifugation
and were allowed to adhere to plastic surface coated with poly-D-lysine (Sigma Aldrich,
Saint Louis, MO, USA). Nonadherent PBMCs were washed away after 1 hour. Adherent
monocytes were maintained in RPMI-1640 supplemented with 10% FBS, 100 ug/mi
streptomycin, 100 U/ml penicillin, 2 mM glutamine, 1% sodium pyruvate, 1% non-
essential amino acids, and 1U/ml GM-CSF (Cell Sciences, Canton, MA, USA).
Monocytes were maintained in the supplemented media for 8 days for differentiation into
macrophages, during which the media was replaced every 2 days. The purity of the
macrophage population was assessed at day 10 by CD14 staining and was greater than

93%.

Antibodies and Immunostaining Reagents. Mouse monoclonal antibodies against
CD81, CD9, and CD63were obtained from BD Biosciences (San Jose, CA, USA). HIV

Gag detection was performed with either rabbit anti-p17 polyclonal (Varthakavi et al.,
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1999), mouse anti-p24 monoclonal CA-183 (provided by Bruce Chesebro and Kathy
Wehrly through the NIH AIDS Research and Reference Reagent Program), or mouse
anti-p24-FITC (KC57-FITC) obtained from Beckman Coulter (Fullerton, CA, USA).
Alexa Fluor goat anti-mouse and Alexa Fluor goat anti-rabbit secondary antibodies, as
well as the DAPI nucleic acid stain were obtained from Molecular Probes (Eugene, OR,

USA).

Virus stocks and infections. Vesicular stomatitis virus G glycoprotein (VSV-G)-
pseudotyped HIV-NL4-3 virus stocks were generated by cotransfecting 293T cells with
pNL4-3 and the VSV-G expression plasmid pHCMV-G (Burns et al., 1993). VSV-G-
pseudotyped HIV-NL4-3/29/31KE virus stocks were generated by cotransfecting 293T
cells with pNL4-3/29/31KE and pHCMV-G. The pNL4-3/29/31KE construct was kindly
provided by Dr. Eric Freed (National Cancer Institute, Frederick, MD) and has been
described previously (Joshi et al., 2009). Viruses were harvested from transfected 293T
supernatants 48 hours post-transfection, filter-sterilized, and assayed with TZM-fI1
indicator cells for infectivity assessment. For infections, MDMSs were incubated with
VSV-G-pseudotyped virus stocks or with non-pseudotyped BaL biological stock at 0.5 50%
tissue culture infectious dose (TCIDso) per cell for 4 hours. Cells were then washed with

PBS and incubated for 0 to 12 days before harvesting for analysis.

Image acquisition and analysis. Two imaging stations equipped for live cell imaging
were employed in this study. The first imaging station was a Nikon TE2000-U spinning

disc confocal fluorescence microscope with automated stage and Hamamatsu EM-CCD
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camera developed by Improvision under the control of the VVolocity software. The second
imaging station was a DeltaVision imaging system developed by Applied Precision. The
system was equipped with an Olympus 1X70 microscope and a CoolSnap HQ?2 digital
camera under the control of the softWoRx software. Imaging processing and
deconvolution was performed using softWoRx 3.7.0. Colocalization and partial
colocalization measurements were quantified with the colocalization module of VVolocity
5.2.1. The volume and the intensity of Gag among the colocalized pixels were calculated
using the measurements module of Volocity 5.5.1. Volocity 5.2.1, Volocity 5.5.1, Adobe

Photoshop CS4 and Adobe Illustrator CS4 were used to analysis and adjust the images.

Immunofluorescence microscopy. MDMs were washed with PBS and fixed in 4%
paraformaldehyde for 12 minutes at RT. After fixation, cells were extensively washed
including an overnight wash at 4 °C. Cells were then permeabilized for 10 minutes with
0.2% Triton X-100 and block in Dako blocking buffer for 30 minutes. Primary and
secondary antibodies were diluted in Dako antibody diluent to appropriate concentrations.
In general, cells were stained in primary antibodies for 1.5 hours and in secondary
antibodies for 45 minutes. DAPI was used to stain the nuclei of the cells. The coverslips
were mounted in Gelvatol overnight and examined directly the next day. To label the
infected MDMs at 4 °C prior to fixation, the cells were washed with cold PBS and cooled
on ice for 30 minutes. Primary antibodies against tetraspanins were then added to the
MDMs and were incubated with MDM s at 4 °C for 1.5 hour. Labeled MDMs were then

washed with PBS and fixed in 4% paraformaldehyde for 12 minutes. After fixation, the
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cells were permeabilized, blocked, and stained for secondary antibody for the

tetraspanins and Gag as described above.

Electron microscopy. For cationized ferritin labeling, MDMs cultured on ACLAR
embedding film (Ted Pella, Redding, CA, USA) were washed with PBS and fixed in 2.5%
paraformaldehyde and 2.5% glutaraldehyde in 0.1M sodium cacodylate buffer (EMS,
Hatfield, PA, USA), pH 7.4 for 1 hour at RT. After washing in 0.1M sodium cacodylate
buffer with 6% sucrose, the cells were then post-fixed with 1% osmium (OsO,) for 1 hour
on ice and labeled with 1mg/ml cationized ferritin (Sigma Aldrich, St. Louis, MO, USA)
for 1.5 hour at RT. CF-labeled samples were en-block stained with aqueous uranyl

acetate, gradient dehydrated, filled with epon, embedded in Chang’s flat-embedding
cambers and processed for thin sectioning. Images were obtained under a Hitachi H-7500

transmission electron microscope at 75KV.

Low molecular weight dextran accessibility experiments. MDMs were differentiated
for 7 days and were subsequently infected with VSV-G-pseudotyped NL4-3 for 8 days.
Infected MDMs were then treated with 0.5 mg/ml lysine fixable dex-TR (3000MW,
Molecular Probes, Eugene, OR, USA) for 30 minutes at 37 °C or at 4 °C. For studies at
37 °C, MDMs were washed with PBS, followed by adding MDM growth media
containing 0.5 mg/ml dex-TR. The cells were returned to the incubator and incubated for
30 minutes. Dex-TR label MDMs were then extensively washed with PBS and fixed with
4% paraformaldehyde for 15 minutes. For studies at 4 °C, MDMs were first cooled on ice

for 30 minutes. The cells were then washed with ice-cold PBS, followed by adding ice-
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cold MDM growth media containing 0.5 mg/ml dex-TR. The cells were then incubated at
4 °C for 30 minutes. Dex-TR label MDMs were then washed with ice-cold PBS and fixed
with cold 4% paraformaldehyde for 15 minutes. In parallel, a group of labeled MDMs
were fixed directly in cold 4% paraformaldehyde after aspirating the dex-TR labeling
media in the absence of washes. Fixed MDMs were subsequently immunolabeled for

HIV-1 Gag as described earlier.
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I11. TETHERIN/BST-2 IS ESSENTIAL FOR THE FORMATION OF THE
INTRACELLULAR VIRUS-CONTAINING COMPARTMENT IN PRIMARY
HUMAN MACROPHAGES
After sending the previous paper in as a separate report, the controversial open-
vs-closed nature of the VCC could be set aside as an issue while |1 worked to examine
cellular factors that regulate or determine the formation of the VCC. This represents the
most central contribution to the field and the crux of my dissertation. Here the work is

reproduced as it was published in Cell Host and Microbe in 2012.

ABSTRACT

HIV-1 assembly and release occurs at the plasma membrane of human T
lymphocytes and model epithelial cell lines, whereas in macrophages intracellular sites of
virus assembly or accumulation predominate. Tetherin (BST-2) is a host cell integral
membrane protein that restricts HIV replication by retaining particles at the cell surface,
and is counteracted by the viral Vpu protein. Intracellular tetherin has previously been
shown to reside predominantly in the trans-Golgi network (TGN). We identified a second
intracellular compartment that is highly enriched in tetherin and distinct from the TGN in
primary human macrophages. This compartment is enriched in markers of the
multivesicular body, and accumulates virus particles following infection. HIV infection
of macrophages led to a significant upregulation of tetherin expression that was limited
but not eliminated by Vpu. Depletion of tetherin resulted in a marked increase in virus
release, even when macrophages were infected with a vpu-expressing virus. Transmission
of virus from macrophages to T cells was enhanced upon tetherin depletion. Furthermore,

the virus-containing compartment (VCC) was dramatically diminished and redistributed
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in macrophages following tetherin depletion. These results indicate that tetherin plays an
essential role in the formation of the VCC, and may account for the morphologic

differences observed in the apparent site of virus assembly in macrophages versus T cells.
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INTRODUCTION

Human immunodeficiency virus type 1 (HIV-1) assembly occurs predominantly
at the plasma membrane of infected T lymphocytes and model epithelial cell lines (Chu et
al., 2009; Finzi et al., 2007; Gelderblom, 1991; Jouvenet et al., 2006; Ono and Freed,
2004). In contrast, infected macrophages examined by electron microscopy and
immunofluoresent microscopic techniques reveal an intense intracellular accumulation of
virions in a compartment marked by characteristic components of the multivesicular body
(MVB), including CD81, CD9, MHC Class Il, and CD63 (Nydegger et al., 2003;
Pelchen-Matthews et al., 2003; Raposo et al., 2002; Sherer et al., 2003). The presence of
apparent assembly in intracellular sites with characteristics of the MVB in macrophages
led to models for HIV-1 assembly in which the endocytic network plays an important role.
Some models for HIV-1 assembly in macrophages propose that intracellular assembly
predominates, with release from the intracellular compartment across the virologic
synapse upon contact with T cells (Gousset et al., 2008; Groot et al., 2008; Montaner et
al., 2006). This mode of transmission of HIV to T lymphocytes may be essentially the
same as that proposed for the dendritic cell-T cell infectious synapse (Garcia et al., 2005;
Hubner et al., 2009; McDonald et al., 2003; Yu et al., 2008). Defining the precise site of
assembly in the macrophage and the factors determining the apparent intracellular

assembly site thus has relevance to a number of areas of HIV biology.

Jouvenet and coworkers previously suggested that the plasma membrane was the
only site of HIV assembly in infected macrophages, and that HIV particles observed in
the intracellular compartments resulted from endocytosis of viral particles from the cell

surface (Jouvenet et al., 2006). Tetherin was subsequently identified as an important HIV
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restriction factor resulting in the retention of particles at the plasma membrane of cells
and leading to enhanced endocytosis of particles in model cell lines (Neil et al., 2008).
Tetherin, also known as BST-2 or CD317, is an unusual type Il membrane protein that
localizes to lipid rafts and is endocytosed through a clathrin- and AP2-dependent
mechanism (Masuyama et al., 2009; Rollason et al., 2007). Tetherin is highly
concentrated at the particle budding site in T cell lines, and plays a physical tethering role
in retaining strings of virions in cells infected with Vpu-deficient virus (Hammonds and
Spearman, 2009; Hammonds et al., 2010; Perez-Caballero et al., 2009). Vpu overcomes
the restrictive effects of tetherin, resulting in enhanced particle release. The mechanism
of Vpu’s action in counteracting tetherin remains to be fully elucidated, but retention of
tetherin at intracellular sites, downregulation of tetherin from the cell surface, and
enhanced degradation of tetherin through lysosomal and/or proteasomal pathways have
all been reported to play important roles (Douglas et al., 2009; Dube et al., 2010b;
Goffinet et al., 2009; lwabu et al., 2009; Mangeat et al., 2009; Mitchell et al., 2009; Van

Damme et al., 2008).

Here we investigated the role of tetherin in primary human macrophages using
immunofluorescence and electron microscopic methods in order to define the role of
tetherin in the intracellular virus-containing compartment. Tetherin was markedly
upregulated following macrophage infection, and relief of restriction of particle release
by Vpu was incomplete. Remarkably, HIV assembly compartments in infected
macrophages were highly enriched in tetherin, and depletion of tetherin caused a

dramatic reduction and redistribution of the intracellular virus-containing compartment.
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RESULTS

Tetherin is highly concentrated in virus-containing intracellular compartments

within HIV-1-infected MDMs.

The striking difference in the apparent assembly site in macrophages versus T
cells and model epithelial cells has not been fully explained. We hypothesized that
tetherin may play a role in the formation of VCCs in HIV-infected macrophages. To test
this hypothesis, we first examined the subcellular localization of tetherin in MDMs. In
HeLa and other epithelial cell lines, tetherin is found within the trans-Golgi network
(TGN), recycling endosomes, and at the plasma membrane, without significant
concentration in late endosomes (Dube et al., 2009; Habermann et al., 2010; Le Tortorec
and Neil, 2009). In HIV-infected MDMs, we observed tetherin on the cell surface as well
as in large intracellular compartments (Fig. 1). We noted that tetherin was highly
concentrated in intracellular compartments, and often appeared as more than a single
population in the cell (Fig. 1A). Infected MDMs double labeled for tetherin and Gag
demonstrated a substantial level of colocalization between the two proteins (Fig. 1A).
The colocalization appeared to occur within a subset of tetherin-rich compartments and
was consistently observed in macrophages from multiple donors. To confirm this result,
we repeated the experiment using a biological stock of non-pseudotyped HIV-1 BalL
instead of VSV-G-pseudotyped virus, and obtained identical results (Fig. 1B). In parallel,
we also performed the same experiment but replaced the tetherin primary antibody with
pre-bleed serum from the same animal or omitted the primary antibody. In both of these
controls, we failed to observe staining of this compartment (Fig. S1). It has been reported

previously that HIV-1 Vpu colocalizes with tetherin in the TGN of infected cells. In
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addition, HIV-1 Vpu may counteract tetherin by sequestering tetherin in the TGN. To
examine the possibility of potential interactions between Gag, Vpu and tetherin in
infected MDMs, we performed a series of immunostaining studies and documented the
cellular distribution of Gag, Vpu and tetherin in infected MDMs. We first double-labeled
MDMs with antibodies against Gag and Vpu or Gag and TGN. Gag and Vpu were found
within distinct compartments in infected MDMSs, with no detectable colocalization
between the two (Fig. 1C). The VCC identified by Gag antibody staining was entirely
distinct from the TGN (Fig. 1D). We then performed a triple staining experiment in
which tetherin, Gag, and Vpu were labeled. Tetherin was found in two compartments
inside the cell, one that colocalized with Gag (the VCC) and another that colocalized with

Vpu (the TGN) (Fig. 1E).
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Figure 1. Tetherin is highly concentrated in virus-containing compartments within
HIV-1-infected MDMs. (A) MDMs were infected with VSV-G-pseudotyped HIV-1 R8-
BaL. 8 days post infection, cells were fixed and immunolabeled for HIV-1 Gag (red, anti-
CA183) and tetherin (green, anti-tetherin) after cell permeabilization, followed by
imaging acquisition with a spinning disc confocal fluorescence microscope. Bars
represent 15 um. (B) MDMs were infected with HIV-1 BaL biological stock. 8 days post
infection, cells were fixed and immunolabeled for HIV-1 Gag (red, anti-CA183) and
tetherin (green, anti-tetherin) after cell permeabilization, followed by imaging acquisition
with a spinning disc confocal fluorescence microscope. Bars represent 16 pum. (C-E)
MDMs were infected with VSV-G-pseudotyped HIV-1 R8-BaL for 8 days followed by
fixation, permeabilization, and immunostaining for Vpu (red, anti-Vpu) and Gag (green,
anti-CA183) in (C), for TGN (red, anti-TGN) and Gag (green, anti-CA183) in (D), and
for Vpu (cyan, anti-Vpu), Gag (green, anti-CA183), and tetherin (red, anti-tetherin) in (E).
Imaging acquisition was performed with a DeltaVision deconvolution imaging system
developed by Applied Precision. Bars represent 11 um. Images are representative of
more than five independent experiments.
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Control

Rabbit Serum Before Immunization
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Secondary Antibody Only

Supplemental Figure S1. Control tetherin staining in infected MDMs.

Human MDMs were infected with VSV-G-pseudotyped HIV-1. 8 days post infection,
cells were fixed and immunolabeled for HIV-1 Gag (red, anti-CA183) and tetherin
control staining (green, pre-bleed serum or secondary antibody only) after cell
permeabilization, followed by imaging acquisition as before. Bars represent 16 um.
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Tetherin colocalizes with markers of two distinct intracellular compartments in

MDMS: the multivesicular body (MVB) and TGN.

To further define the exact compartments in which tetherin and HIV-1 Gag
colocalize, we performed immunostaining for tetherin and various cellular markers in
both uninfected and HIV-infected MDMs. Cellular markers that we tested included CD81,
CD9, CD63 and LAMP-1, the TGN marker, TGN46, as well as protein disulphide
isomerase (PDI) as an ER marker.

In uninfected MDMs, we observed a significant level of colocalization between
tetherin and both of the MVB markers, CD81 and CD9 (Fig. 2 and S2, with quantitation
in Fig. 3B). We noticed that although the vast majority of CD81 and CD9 colocalized
with tetherin, only a subset of intracellular tetherin colocalized with CD81 and CD?9. At
the same time, we again detected a substantial but partial colocalization between tetherin
and the TGN marker, TGN46 (Fig. 2). These results indicate that in uninfected
macrophages, tetherin resides in two distinct compartments in MDMs: the TGN and the
CD81/CD?9 positive endosome. Interestingly, immunostaining performed for CD63 and
LAMP-1 in uninfected MDMs failed to identify a significant colocalization between
tetherin and these late endosome/MVB markers (Fig. 2, CD63 and LAMP-1 rows).
LAMP-1 and CD63 were located in close proximity, but did not directly overlap with
tetherin in these uninfected cells. Finally, ER markers and tetherin occupied distinct
cellular compartments, and we did not detect any substantial level of colocalization

between the two (Fig S2).
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Figure 2. Subcellular distribution of tetherin in uninfected MDMSs. Uninfected
MDMs were fixed and immunolabeled for cellular markers (red, anti-TGN46, anti-CD81,
anti-CD63, and LAMP-1) and tetherin (green, anti-tetherin) after cell permeabilization,
followed by imaging acquisition with a spinning disc confocal fluorescence microscope.
Note lack of colocalization with CD63 and LAMP-1. Bars represent 16 um.
Representative of more than five independent experiments.
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Supplemental Figure S2. Tetherin colocalizes with CD9 but not an ER marker in
uninfected and infected MDMs. Top Panels: Uninfected MDMs were fixed and
immunolabeled for cellular markers (red, anti-CD?9, anti-PDI,) and tetherin (green, anti-
tetherin) after cell permeabilization. Bottom panels: MDMs were infected with VSV-G-
pseudotyped HIV-1. 8 days post infection, cells were fixed and immunolabeled for
cellular markers (red, anti-CD9, anti-PDI) and tetherin (green, anti-tetherin) after cell

permeabilization. Bars represent 16 um.
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Tetherin colocalizes with the TGN and with markers of the multivesicular body in

infected MDM:s.

Next, we examined HIV-infected MDMs for the same set of markers. We
observed a strong colocalization between a subset of intracellular tetherin and the
tetraspanins CD81 and CD9, similar to what had been seen in uninfected macrophages
(Fig. 3A and S2). In contrast to the uninfected cells, however, immunostaining for CD63
and LAMP-1 in infected MDMs revealed a significantly enhanced level of colocalization
between CD63, LAMP-1 and tetherin (Fig. 3A, CD63 and LAMP-1 rows). The pattern of
colocalization between tetherin and CD63 or LAMP-1 was similar to what we observed
between tetherin and CD81/CD9, such that a subpopulation of tetherin colocalized almost
completely with the intracellular CD63 or LAMP-1. HIV infection therefore led to an
enrichment of CD63 and LAMPL1 in the tetherin/CD9/CD81-rich compartment,
reminiscent of previously reported findings that HIV alters this compartment (Deneka et
al., 2007).

To quantify these observations, we measured the partial colocalization
coefficients (My and My) between tetherin and each cellular marker using the
colocalization function of Volocity 5.2.1 (Manders et al., 1993). Infected and uninfected
macrophages demonstrated a high degree of colocalization for CD81, CD9, and TGN
with tetherin (Fig. 3B), while ER colocalization was minimal, consistent with the
impression from individual images. HIV-1 infection increased the degree of
colocalization of CD63 and LAMP-1 with tetherin as indicated by a significant increase

(p <0.0001) in colocalized pixels (Fig. 3B). In infected MDMs, the M-values for the
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degree colocalization of CD63 and LAMP-1 with tetherin were increased by ~3 fold in

comparison with uninfected MDMs.
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Figure 3. Tetherin colocalizes with the TGN and with markers of the multivesicular
body in infected MDMs. (A) MDMs were infected with VSV-G-pseudotyped HIV-1
NL4-3. 8 days post infection, cells were fixed and immunolabeled for cellular markers
(red, anti-TGN46, anti-CD81, anti-CD63, and anti-LAMP-1) and tetherin (green, anti-
tetherin) after cell permeabilization, followed by image acquisition as before. Bars
represent 16 um. Representative of more than five independent experiments. (B)
Quantitation of colocalization between cellular marker and tetherin in uninfected (filled
bars) or infected (white bars) MDMs. The colocalization between tetherin and the
indicated markers was calculated using the Volocity 5.2.1 colocalization module (Perkin-
Elmer). The partial correlation coefficient and standard deviation shown represents the
degree of colocalization derived from images of at least 10 representative cells. These
results present the proportion of cellular marker-positive pixels that were colocalized
with tetherin. Results were shown as mean +SD. Statistical comparison between the
groups were performed with the unpaired t-test using GraphPad Prism 5. Differences
were considered statistically significant when p <0.05.
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To further confirm that the colocalization of Gag and tetherin with the
CD81/CD63-positive virus-containing compartments, we performed triple staining of
Gag, tetherin, and CD81, CD63, TGN46, or ER in HIV-1 infected MDMs. Our results
confirmed that a substantial intracellular subset of tetherin colocalized with HIV-1 Gag in
CD81 and CD63-enriched virus-containing compartments, and that a separate population
of tetherin was found in the TGN. In contrast with the strong colocalization between Gag
and tetherin (My = 0.75 £0.18), the level of colocalization between Gag and ER was
minimal (My = 0.09 +0.04). The level of colocalization between Gag/ ER and Gag/
tetherin was significantly different (p <0.0001) (Fig. S3). Altogether, these results
indicate that in HIV-infected MDMs, tetherin resides in two distinct compartments: the
TGN, where it colocalizes with Vpu; and the VCC, where it colocalizes with Gag and

markers of the MVB.



110

Tetherin

Tetherin

22,00 um

Tetherin

20,00 pm 20.00 pm

Tetherin

Supplemental Figure S3. HIV-1 Gag colocalization with markers of the
multivesicular body in infected MDMs; presence of two intracellular populations of
tetherin in MDMs. Human MDMs were infected with VSV-G-pseudotyped HIV-1. 8
days post infection, cells were fixed and immunolabeled for HIV-1 Gag (green, anti-p24-
FITC), Tetherin (red, anti-tetherin), and cellular markers (cyan, anti-CD81, anti-CDG63,
anti-TGN, anti-PDI) after cell permeabilization, followed by imaging acquisition with a
DeltaVision deconvolution imaging system (Applied Precision). Note that tetherin and
Gag partially overlap (A-H). A distinct population of tetherin colocalized with TGN (I-L).
Tetherin did not colocalize with ER (M-P). Bars represent 20 um in I-L and 22 um for

the rest.
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Tetherin is endocytosed from the plasma membrane into the VCCs of HIV-infected
MDMs.

Results presented thus far are consistent with a model in which tetherin and HIV
particles colocalize strongly within the putative virus assembly compartments in
macrophages. To determine the origin of tetherin found within the virus-containing
compartments, we performed a pulse label antibody endocytosis experiment. HIV-1-
infected MDMs were serum starved for 2 hours, cooled on ice, and pulsed with anti-
tetherin antibody for 1 hour at 4° C. Labeled MDMs were then washed, chased at 37° C,
and harvested at sequential time points. Harvested cells were then permeabilized and
stained to detect the internalized antibody and for Gag. For cells harvested at time 0, prior
to chase, the vast majority of tetherin label was observed on the cell surface (Fig. S4A).
After a chase as short as 15 minutes, we detected endocytosis of tetherin into internal
endosomes (Fig. S4B and S4C), and a remarkable level of colocalization between
Tetherin and Gag was observed as early as at the 1 hour time point (Fig. S4D). The
association of tetherin with Gag in the intracellular compartments was maintained over
time (Fig. S4E-S4G) and was still clearly visible at the 12 hour and 24 hour time points
(Fig. S4H and data not shown). It appeared that the majority of the internalized tetherin
was trapped in the virus-containing compartments together with the HIV virions, since
only a small portion of the internalized tetherin was recycled back to the plasma
membrane. This phenomenon was especially obvious at the latter time points (Fig. S4H

and data not shown).
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Supplementary Figure S4. Tetherin is Endocytosed from the Plasma Membrane into
the Virus-containing Compartments of HIV-infected MDMs. MDMs were infected
with VSV-G-pseudotyped HIV-1. 8 days post infection, infected MDMs were serum
starved for 2 hours, cooled on ice, and labeled with anti-tetherin antibody for 1 hour at 4
degree. Labeled MDMs were then extensively washed and chased in 37 degree
incubators. The cells were harvested at different sequential time points (0 hour, ¥ hour,
% hour, and 1 hour), permeablized and immunolabeled for tetherin (green, anti-tetherin)
and Gag (red, anti-CA183). Bars represent 16um.
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Supplementary Figure S4 (conti.). Tetherin is Endocytosed from the Plasma
Membrane into the Virus-containing Compartments of HIV-infected MDMs. MDMs
were infected with VSV-G-pseudotyped HIV-1. 8 days post infection, infected MDMSs
were serum starved for 2 hours, cooled on ice, and labeled with anti-tetherin antibody for
1 hour at 4 degree. Labeled MDMs were then extensively washed and chased in 37
degree incubators. The cells were harvested at different sequential time points (2 hour, 4
hour, 8 hour, and 24 hour), permeablized and immunolabeled for tetherin (green, anti-
tetherin) and Gag (red, anti-CA183). Bars represent 16um.
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Tetherin links virions to the limiting membranes of intracellular virus-containing

compartments in human macrophages.

We and others recently demonstrated that tetherin forms a link between chains of
extracellular virions and the plasma membrane on the surface of the A3.01 T cell line
(Hammonds et al., 2010) or HeL a cells (Fitzpatrick et al., 2010). We next sought to
examine the location of tetherin at the ultrastructural level in human macrophages using
immuno-EM techniques. Infected macrophages were fixed, embedded in resin, and
prepared for thin sections, followed by post-embedding immunogold labeling using anti-
tetherin antiserum or pre-immune control sera as the primary antibody. We found only
rare gold particles in the cytoplasm of cells outside of the VCCs, while the presence of
beads between numerous virion particles within the VCCs was evident (Fig. 4A-C). As in
our previous report examining extracellular particle tethering, some extended filamentous
strings studded with tetherin were evident in the VCC (Fig. 4D, E). More frequently,
tetherin was identified at the interface between particles (Fig. 4F, H, ). Tetherin was also
prominently found connecting particles to the periphery of the compartment, an apparent
connection with the limiting membrane (Fig. 4E, F, G). The specificity of labeling of the
VCC was confirmed by a low background rate of nanogold particles within the

compartments when pre-immune rabbit sera was employed (Fig. 4J-L).
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Figure 4. Immunoelectron microscopic localization of tetherin within the virus-
containing compartment in macrophages. MDMs were infected with VSV-G-
pseudotyped HIV-1 NL4-3 as described for immunofluorescence analysis above. Cells
were harvested at day 8, fixed in 4% paraformaldehyde for 1 hour followed by 4%
paraformaldehyde + 0.1% glutaraldehyde, and embedded in Epon. Sections were etched
with H,0, and labeled with 6 nm gold beads using anti-tetherin antisera using methods
previously established (Hammonds et al., 2010). (A) Multiple nanogold beads between
particles at low power within a VCC, bar = 200 nm. Arrows added to point out beads. (B)
Higher magnification view of left half of A, bar = 100nm. (C) Higher magnification view
of upper right portion of A, bar = 100 nm. (D) Extended tether and beads between
particles, bar = 100nm. (E) Tetherin at base of particles, between limiting membrane and
particles within intracellular compartment in macrophages. Bar = 100nm. (F) Tetherin
immunolabeling at base of particle and between particles within intracellular
compartment in macrophages. Bar = 100nm. (G) Tetherin linking particle to the limiting
membrane of a VCC, bar = 100nm. (H, I) Additional views of tetherin labeling within
VCCs, on surface of virions and between virions. (J) VCC, control section employing
pre-immune serum and immunogold labeling otherwise identical to that in A-1. Bar =
500nm. (K) Detail of same VCC as in (J) with control (preimmune) labeling, bar =
100nm. (L) Gold particles found within VCCs of HIV-infected macrophages, mean
tstandard deviation, using specific anti-tetherin sera (black) or pre-immune sera (gray).
Twenty consecutive VCCs with virions were assessed for each label, and normalized by
total number of visualized particles.
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Tetherin expression is upregulated following infection of MDMs, and is

incompletely downregulated by Vpu.

Particle output from MDMs is enhanced following infection with viruses bearing
an intact vpu gene (Balliet et al., 1994; Schubert et al., 1995), suggesting that Vpu’s
antagonism of tetherin is functional in this cell type. We repeated the comparison of
infection with NL4-3 versus NLUdel, and similarly documented an increase in p24
release over time from MDMs following infection with NL4-3 (Fig. 5A). This difference
was very reproducible, and was seen in MDMs from multiple different donors. We then
examined tetherin levels in these same cultures by Western blot and by cell surface
staining. Remarkably, cellular tetherin levels increased following infection, and remained
elevated over baseline for more than six days in macrophages following infection with
either NL4-3 or NLUdel (Fig. 5B). The exact magnitude and time of onset of the
upregulation varied slightly from donor to donor but the upregulation was consistent and
was detectable in every donor (N >10) that we tested. The use of VSV-G itself was not
the stimulus for tetherin upregulation, as supernatants from VSV-G-transfected cells did
not enhance tetherin expression (Fig. S5). To further verify this, we infected MDMs from
multiple donors with PBMC-propagated HIV-1 BaL without pseudotyping, and
confirmed that the upregulation was very reproducible following infection with this R5-
tropic virus (Fig. 5C). The increase in total cellular tetherin was diminished but not
prevented by Vpu, as tetherin levels at day 8 to day 12 post-infection were markedly
greater in cells infected with NLUdel than in those infected with NL4-3. In stark contrast
to the phenotype seen in HeLa cells, cell surface levels of tetherin in MDMs were not

diminished following infection with NL4-3 but actually increased slightly (Fig. 5D). Vpu
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failed to prevent the increase in cell surface levels as indicated in repeated experiments
by the increased mean fluorescence intensity of surface-stained cells (Fig. 5D, lower
panels). In individual experiments, the increase in cell surface tetherin was greater when
MDMs were infected with NLUdel, although taken together the difference was not
substantial (see overlapping error bars in Fig. 5D, lower right). In parallel, we infected
HeLa cells with the same viruses, and observed a clear decrease in cell surface tetherin
following NL4-3 but not NLUdel infection (Fig. 5D, HeLa). These results indicate that
although Vpu does enhance particle release from MDMs, Vpu’s ability to downregulate
tetherin in MDM s is incomplete as compared with model cell lines such as HeLa.
Furthermore, Vpu is unable to prevent the upregulation of cellular tetherin expression

that occurs following infection with HIV.
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Figure 5. Vpu and tetherin in infected MDMs. (A) Particle release from MDMs was
assessed over time using a p24 antigen ELISA, measured in supernatants and cell lysates.
The efficiency of release is shown, plotted as percentage of extracellular p24/total p24
from 3 experiments, with standard deviations indicated. The majority of p24 was retained
in macrophages infected with either NL4-3 or NLUdel, and total amounts of p24 (cell +
sup) were similar. Right-sided graph represents one of the experiments, presented as
released p24 antigen. (B) Western blot of tetherin and actin over time following infection
of MDMs. Cells from a single donor were infected with NL4-3 or NLUdel and harvested
at the indicated time points (days), then lysed and analyzed by Western blotting using
rabbit anti-tetherin or mouse anti-actin antiserum. Results shown are representative of 10
independent experiments. (C) Western blot of tetherin and actin over time from MDMs
infected with HIV-1 BaL. MDMs were infected with HIV-1 BaL and cell lysates were
harvested at the indicated time points. Western blots were performed as mentioned above.
Results from 2 donors were shown as representatives of 5 independent experiments. (D)
Cell surface levels of tetherin following infection with NL4-3 (dashed line) or NLUdel
(solid line). Cells were stained with anti-p24 antibody to allow gating on the infected
population. Results of individual experiments in HeLa (left) and MDMs (right) are shown.
Below are %MFI £SD values at 48 hours post-infection (HeLa) or 4 days post-infection
(MDMs), with results from three independent experiments plotted.



121

VSVQG
DaysP.l. 0 2 4 6 8 10 12
75— : e e gy g0
50— = - v Wi e g vl
Sl s S oo Suit : Tetherin
37— - -4 3
SERETCERR
25— .
50— ,
37—

Supplemental Figure S5. VSV-G itself is not responsible for upregulation of tetherin.
Supernatants from VSV-G-expressing 293T cells were applied to MDMs and cells
harvested at the indicated timepoints for Western blot analysis with anti-tetherin antisera.
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Tetherin knockdown promotes particle release from HIV infected MDMs even in

the presence of Vpu.

The colocalization and immuno-EM data described above demonstrated that
tetherin is enriched within the VCC in macrophages and appears to tether virions in this
compartment. To examine the functional role of tetherin, we next depleted endogenous
tetherin in MDM s using siRNA, and measured the effects on particle output and on the
volume of the VCC. MDMs from the same donors were treated with control SiRNA or
tetherin-targeting siRNA, followed by infection with NL4-3 or NLUdel. Figure 6A is a
representative example of the tetherin knockdown achieved, in which the MDMs were
first treated with tetherin or control siRNA three times to achieve a potent depletion of
endogenous tetherin, followed by NL4-3 infection. The tetherin level in MDMs was
significantly reduced (70-80%), and persisted for the time span of the experiment (Fig. 6).
As demonstrated in the control knockdown cells, control siRNA and the sSiRNA
transfection reagent did not affect tetherin expression in MDMs, which increased after
infection (Fig. 6A).

We then analyzed the efficiency of particle release in siRNA treated, HIV-
infected MDMs. NLUdel was very poorly released from MDMs transfected with control
siRNA (Fig 6B, open diamonds). In contrast, following tetherin depletion, particle release
of NLUdel was significantly increased (Fig 6B, closed diamonds). Interesting, the level
of NLUdel release in tetherin knockdown MDMs was comparable to the level of NL4-3
release in control knockdown MDMs (Fig. 6B, compare closed diamonds and open
squares). Although NL4-3 release from MDMs was greater than that of NLUdel, tetherin

depletion had a clear added effect on particle release (Fig. 6B, closed squares). The
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additive effect of tetherin knockdown and Vpu in particle release from infected MDMs
for NL4-3 confirmed our earlier finding that VVpu was unable to efficiently counteract the
effect of tetherin in infected MDMs, and that residual restriction of release by tetherin
remained.

Currently the role of tetherin in cell-cell transmission remains incompletely
defined. Tetherin failed to inhibit cell-cell transmission and even enhanced transmission
under some circumstances in one report (Jolly et al., 2010), while a second report
indicated that tetherin clearly inhibits cell-cell transmission (Casartelli et al., 2010). To
elucidate the role of tetherin in cell-cell transmission from infected MDMs, we first
performed a transmission assay to evaluate cell-cell transmission by gently centrifuging a
monolayer of H9 T cells onto infected MDMs. In this set of experiments, control or
tetherin siRNA treated MDMs were infected with VSV-G-pseudotyped NL4-3. H9 cells
were then applied onto the MDM culture on day 2 post-infection. MDMs and H9 cells
were harvested from the culture at different time points after the coculture. Harvested
MDMs were analyzed with Western blotting for tetherin and actin expression, and the
percentage of infected H9 cells was determined by flow cytometry. Tetherin SIRNA
treatment successfully inhibited tetherin expression in the donor MDMs (Fig. 6C). H9
cells that were cocultured in contact with tetherin siRNA-treated MDMs were infected at
a higher efficiency compared with H9 cells cocultured with control sSiRNA treated MDMs
(Fig. 6D). At 72 hours post the co-culture, 4.8% £1.04% of H9 cells cocultured with
tetherin siRNA-treated MDMSs were infected, compared with 2.6% 0.05% of H9 cells
cocultured with control siRNA treated MDMs (Fig. 6D). This experiment suggested to us

that tetherin knockdown promoted cell-cell transmission from infected MDMs to H9 cells.
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Next, we employed a Transwell cell culture system and refined our cell-cell transmission
study. In this set of experiments, control or tetherin sSiRNA-treated MDMs in Transwell
plates were first infected with HIV, followed by addition of H9 cells to the top chamber
or the bottom chamber (in contact with MDMSs) on day 2 post-infection. MDMs and H9
cells were harvested at different time points after the coculture. Infected H9 cells detected
from the top chamber represented cell-free transmission events, and infected H9 cells
detected from the bottom chamber represented total transmission events (cell-cell + cell
free). Cell-cell transmission events were derived by subtracting the cell-free transmission
events from the total transmission events. Western blots from harvested MDM cell
lysates showed that tetherin sSiRNA treatment successfully inhibited tetherin expression in
MDMs in the Transwell plates (Fig. 6E). sSiRNA silencing of tetherin in MDMs promoted
cell-cell transmission from infected MDMs to H9 cells, with 4.5% +0.5% of H9 that
cocultured with tetherin siRNA-treated MDMs infected versus 2.8% +0.4% of H9 cells
cocultured with control siRNA-treated MDMs (Fig. 6F). These two methods yielded
similar results, indicating that tetherin restricts cell-cell transmission from infected

MDMs to T cells.
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Figure 6. Effects of tetherin knockdown on particle release and cell-cell transmission
from MDMs. (A) Western blot of tetherin and actin overtime following tetherin
knockdown and infection of MDMs. MDMs were transfected with tetherin sSiRNA or
control siRNA for three times followed by NL4-3 infection. Infected cells were harvested
at indicated time points post infection, lysed and analyzed by Western blotting using
rabbit anti-tetherin or mouse anti-actin antiserum. Results shown are representative of 3
independent experiments. (B) Particle release from tetherin sSiRNA or control siRNA
treated and infected MDMs was assessed over time using a p24 antigen ELISA, measured
in supernatants and cell lysates. The efficiency of release is shown, plotted as percentage
of extracellular p24/total p24 from 3 experiments, with standard deviations indicated. (C)
Western blot of tetherin and actin from MDMs in cell-cell transmission assays. MDMs
were treated with control or tetherin siRNA followed by NL4-3 infection. Results shown
are representative of at least 3 independent experiments. (D) H9 cells in contact with
infected MDMs were harvested and fixed at the indicated time points, followed by
labeling for CD3 and HIV-1 Gag. Flow cytometry was performed to analyze the
percentage of infected H9 cells by gating on Gag and CD3-positive cells. Error bars
represent SD. (E) Western blot of tetherin and actin of MDMs in cell-cell transmission
assays using the Transwell system. MDMs in transwells were treated with control or
tetherin siRNA as described earlier followed by infection with NL4-3. On day 2 post
infection, HI cells were added to the MDM cultures, either in the insert chamber or in the
bottom chamber in contact with the MDMs. Results shown are representative of at least 3
independent experiments. (F) H9 cells were harvested from the insert chambers and the
bottom chambers separately and were fixed in 4% paraformaldehyde. Fixed H9 cells
were then permeabilized and were labeled for CD3 and HIV-1 Gag. Flow cytometry was
performed to analyze the percentage of H9 cells that were CD3 and Gag-positive.
Infected H9 cells detected from the insert chamber represented cell-free transmission
events and infected H9 cells detected from the bottom chamber represented total
transmission events. Cell-cell transmission events were derived by subtracting the cell-
free transmission events from the total transmission events. Error bars represent SD.
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Tetherin knockdown inhibits the formation of the virus-containing compartments in

infected MDM:s.

In order to investigate the effect of tetherin knockdown on the VCCs in infected
MDMs, we applied quantitative confocal microscopy on the siRNA treated, HIV-infected
MDMs. MDMs were treated with tetherin siRNA or control siRNA followed by NL4-3
infection, and harvested at day 4 post infection. HIV Gag colocalization with CD9 was
used as a measure of the VCC, and the volume of the VCC was measured using 3D
image reconstructions of the Gag and CD9 colocalized pixels. Control siRNA treated
MDMs visually resembled untreated MDMs, with large collections of Gag colocalizing
with CD9 in the VCC (Fig. 7A-C). Remarkably, the location and size of the VCC was
altered in tetherin-depleted MDMs. In these cells, the VCC size was diminished, and
when present was found as smaller (Fig. 7D-F) and often more peripheral puncta (Fig.
7G-1). The average volume of the VCCs measured from 30 control siRNA treated MDMs
on day 4 following infection was 10.9 pm?®, while the average volume of the VCCs in
tetherin-depleted MDMSs was dramatically reduced to 3.2 pm® (Fig. 7J). This
measurement was performed using total (per-cell) VCC volume. We also examined the
average volume of the individual VCCs, and these results confirmed the marked
reduction in size of the individual VCCs upon tetherin depletion (Fig. 7K). These results
indicate that depletion of tetherin markedly reduces the size and alters the distribution of
the VCCs in MDMs. Tetherin knockdown in these experiments was shown to enhance

particle release as established in prior experiments (Fig. 7L).
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Figure 7. Effect of tetherin knockdown on the virus containing compartments in
MDMs. (A-C) MDMs were transfected with control siRNA three times followed by
infection with VSV-G-pseudotyped NL4-3. At day 4 post infection, cells were fixed and
immunolabeled for CD9 (red, anti-CD9) and HIV-1 Gag (Green, anti-CA183) after cell
permeabilization. (D-1) MDMs were transfected with tetherin siRNA three times
followed by infection with VSV-G-pseudotyped NL4-3. At day 4 post infection, cells
were fixed and immunolabeled for CD9 (red, anti-CD9) and HIV-1 Gag (Green, anti-
CA183) after cell permeabilization. Images were acquired with a spinning disc confocal
fluorescence microscopy. Bars represent 16 um. (J) Quantitation of the volume of the
virus containing compartments in infected MDMs with tetherin knockdown or control
knockdown. The volume of the VCCs within each cell for 30 cells was calculated using
the Volocity 5.5.1 measurements module. (K) Quantitation of the volume of individual
VCCs within infected MDMs with tetherin knockdown or control knockdown.
Colocalized pixels between CD9 and Gag were determined as above and volumes
calculated for individual VCCs, counting 150 VCCs for each arm of the experiment. (L)
Particle release from MDMs from the same donor in the experiment presented here was
assessed over time using a p24 antigen ELISA. Representative from three independent
experiments.
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Tetherin upregulation in infected MDMs is Nef-dependent and is not a direct
consequence of type | interferon induction.

Previous studies have reported that tetherin expression is highly interferon-
inducible in a large number of cell types (Neil et al., 2008). To understand the mechanism
of tetherin upregulation in infected MDMs, we examined the relationship between type-|
interferon production and tetherin expression in HIV-infected MDMs. We were able to
detect IFN-a induction in supernatants from 3 out of 6 donors evaluated. The peak of
IFN-a detection was detected later than the upregulation of tetherin, however, at day 8
post infection, and was consistent for both NL4-3 and NLUdel-infected MDMs (Fig. 8A).
Among the samples in which IFN-o were detected, the average peak concentration for
NL4-3 and NLUdel-infected MDMs was 28.9 pg/ml and 16.5 pg/ml, respectively (Fig.
8A), which would translate to 11.6 U/ml and 6.6 U/ml according to the manufacturer’s
calibration. IFN-a was not detected in supernatants from MDMSs with no infection (Fig.
8A). As a positive control for the IFN-o ELISA, we stimulated MDMs with 25 ug/ml
high molecular weight poly(l:C). We detected a high level of released IFN-a. in the
supernatant of poly(l:C) treated MDMs (Fig. 8A) and this correlated with an upregulation
of tetherin on day 2 of poly(l:C) treated MDMs by Western blotting (Fig. 8B). In addition
to IFN-a, we also tested the supernatants for IFN-f with an IFN-B ELISA. However, in
all 6 donors that we tested for IFN-p, the level of IFN- was below the detection limit of
the assay (data not shown). The level and timing of IFN-a expression detected in our
infected MDM cultures is consistent with a previous report (Szebeni et al., 1991).
Because we did not detect production of IFN-a at early timepoints when tetherin was

highly upregulated, IFN-a did not appear to be the cause for tetherin upregulation in
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infected MDMs. To further assess this, we supplied un-infected MDMs with exogenous
human recombinant IFN-a in excess, and measured tetherin expression from the treated
cells at various time points. Tetherin was not upregulated when the MDM culture was
stimulated with 20 U/ml IFN-a, a level slightly higher than the highest we had measured
in MDM culture supernatants (Fig. 8C). We next treated MDMSs with increasing amounts
of IFN-a, and found that the minimum amount required for tetherin upregulation was 50
U/ml (Fig. 8D, Donor 2, lane 4) or 100 U/ml (Fig. 8D, Donor 1, lane 5). Because we had
demonstrated together with the Wu laboratory that HIV-1 Nef is involved in tetherin
upregulation in dendritic cells (Coleman et al., 2011), we also infected MDMs with
wildtype virus or virus lacking Nef expression (NLdeltaNef), and measured tetherin
expression at various time points post infection. Our result showed that in delta Nef-
infected MDMs, tetherin upregulation was largely absent (Fig. 8E), suggesting that HIV-

1 Nef plays a role in tetherin upregulation in infected MDMs as it does in dendritic cells.
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Figure 8. Mechanism of tetherin upregulation in infected MDMs. (A) MDMs were
infected with VSV-G-pseudotyped NL4-3 or VSV-G-pseudotyped NLUdel. MDMs from
the same donors were stimulated with poly(l:C) by adding 25 ug/ml poly(I:C) in the cell
cultures or were left untreated. Supernatants and cell lysates were harvested at the
indicated time points. IFN-a levels from the supernatants were measured by IFN-a
ELISA. (B) Western Blot of MDMs treated with 25 ug/ml high molecular weight
poly(1:C). MDMs were harvested at indicated time points post poly(l:C) treatment, lysed
and analyzed by Western blotting using rabbit anti-tetherin or mouse anti-actin antiserum.
Results shown are representative of at least 3 independent experiments. (C) Western Blot
of MDM s treated with 20 U/ml human recombinant IFN-a. MDMs were harvested at
indicated time points post IFN-a treatment, lysed and analyzed by Western blotting as
described earlier. Results shown are representative of at least 3 independent experiments.
(D) MDMs were treated with 0, 10, 25, 50, 100, 500, or 1000 U/ml human recombinant
IFN-a. 24 hours post the IFN-a treatment, MDMs were harvested and analyzed by
Western blotting as described earlier. Results shown are representative of at least 3
independent experiments. (E) MDMs were infected with VSV-G-pseudotyped NL4-3 or
VSV-G-pseudotyped NL4-3 delNef. Cell lysates were harvested at the indicated time
points (days) and analyzed by Western blot for tetherin and actin expression. Results
shown are representative of at least 5 independent experiments.
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Supplemental Figure S6. Macrophage purity. Macrophage purity was assessed at day
10 of culture using dual-staining for CD68 and CD14. Isotype control antibody staining is
shown in the upper panel, and representative preparations from 3 different donors shown
below, with percent purity indicated in upper right of plot.
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DISCUSSION

Membranous compartments harboring large collections of virus particles are
frequently observed in HIV-1 infected macrophages. These compartments are variably
referred to as virus-containing compartments (VCCs) or virus assembly compartments,
because in addition to mature virions, immature virus particles as well as active budding
viral structures are sometimes observed (Bennett et al., 2009; Orenstein et al., 1988).
Despite an intense investigation into the characteristics of these VCCs in macrophages,
the nature and origin of the compartments remains incompletely understood. It is clear
that some proportion of the VCCs contain thin connections or tubules linked to the
exterior of the cell (Bennett et al., 2009; Deneka et al., 2007; Welsch et al., 2007),
although the majority of VCCs may be closed to the external environment (Chu et al.,
2012a; Jouve et al., 2007; Koppensteiner et al., 2012b). In this study, we have identified
tetherin as a component of the VCC and evidence that tetherin plays a functional role in
this compartment.

The subcellular distribution of tetherin in macrophages is quite distinct from that
observed in other cell types. In epithelial cells such as HelLa, tetherin localizes to the
plasma membrane, the TGN, and some early endosomal compartments such as the
recycling endosome compartment. In macrophages, we now demonstrate that tetherin is
found largely in two sites; the TGN and the CD81, CD9-enriched compartments where
HIV virions accumulate (the VCC). HIV infection is not required to bring tetherin into
this tetraspanin-enriched intracellular compartment, as indicated by the strong presence
of tetherin colocalizing with CD81 and CD?9 in uninfected MDMs. Instead, following

HIV-1 infection, HIV particles accumulate in this tetherin/CD81/CD9-rich compartment,
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and CD63 and LAMP-1 are simultaneously enriched in the VCC. The enrichment of
CD63 in the VCC is consistent with the previous observation that HIV alters the
CD81+/CD9+ compartment and results in relocalization of CD63 into this compartment
(Deneka et al., 2007). It was recently shown that tetherin functions by physically
attaching to virus particles (Fitzpatrick et al., 2010; Hammonds et al., 2010; Perez-
Caballero et al., 2009). Our data now indicate that physical tethering of particles occurs
within the VCC as well. We found tetherin linking particles to the limiting membrane and
linking particles to each other within the VCC.

The presence of tetherin in an intracellular MVB-like compartment in
macrophages, but not T cells or epithelial cell lines, correlates with the observation that
the predominant site of HIV particle assembly or accumulation in macrophages is
intracellular. More importantly, knockdown of tetherin in macrophages created a
markedly diminished VCC in macrophages, and a redistribution of the remaining
intracellular viral particles into smaller, more peripheral compartments. This is consistent
with a model in which tetherin is required for the formation of the VCC, or at least in
trapping and retaining particles in this pre-existing compartment. Tetherin may trap
particles peripherally, followed by endocytosis into the VCC, or tether and retain
particles within the VCC as budding occurs within this compartment. Although we have
not proven which of these pathways is primarily at work in the HIV-infected macrophage,
data presented here indicate that tetherin is a key element of the morphologic differences
observed between T cells and macrophages. We note that the VCC has been described as
a complex network of membranes that exists in macrophages and which expands upon

HIV infection, with numerous connections to the outside surface (Welsch et al., 2011b).
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Our findings regarding tetherin’s role in the VCC do not address the plasma membrane vs.
endosomal nature of this compartment, which has been shown to maintain connections to
the external environment in a number of studies (Bennett et al., 2009; Deneka et al., 2007;
Pelchen-Matthews et al., 2012; Welsch et al., 2011b; Welsch et al., 2007) yet appears
closed and inaccessible to antibodies, some plasma membrane stains, and small
molecules (Chu et al., 2012a; Jouve et al., 2007; Koppensteiner et al., 2012b). We
suggest from depletion studies that tetherin plays an integral role in the VCC, and that the
upregulation of tetherin that follows HIV infection of MDMs is also an important factor
in the formation of the VCC.

One puzzling aspect of HIV replication in macrophages that arose during the
course of this work was that tetherin and Gag colocalization was frequently observed in
the intracellular virus-containing compartment even for Vpu+ virus, such as the BaL
strain or pseudotyped (vpu+) NL4-3 utilized in this study. If tetherin is counteracted by
Vpu, and yet tetherin is enriched in sites of sequestered intracellular virus, why did we
observe intracellular accumulation even in the presence of Vpu? The strong upregulation
of total cellular tetherin levels in HIV-infected human macrophages may account for this
difference. Vpu was unable to completely counteract the upregulation of tetherin in
macrophages, although it was able to limit the magnitude of tetherin upregulation as
compared with NLUdel, resulting in enhanced particle release compared with that seen
with Vpu-deficient virus infection. Thus, the upregulation of tetherin in infected
macrophages may result in enhanced sequestration of viruses in intracellular
compartments, even when Vpu is expressed. The inability of Vpu to efficiently

counteract tetherin in macrophages was especially evident when we observed an
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enhancement of particle release upon tetherin depletion, even in the case of Vpu-
expressing viruses.

Miyagi and coworkers previously demonstrated that Vpu downregulates cell
surface tetherin in macrophages (Miyagi et al., 2009). In contrast, we demonstrate here
that tetherin is upregulated following infection. The difference in these findings is likely
attributable to the timing of the cell harvest for analysis following infection. We
documented an increase in total tetherin levels for more than 6 days post-infection, after
which tetherin levels return to baseline. Miyagi and coworkers harvested MDMs at 24
days post-infection, and did not report on earlier times post-infection (Miyagi et al.,
2009).

Upregulation of tetherin in MDMs occurred at day 2-4 following HIV infection,
and did not correlate with release of a- or B-interferon. It is likely that intracellular
pathogen recognition is occurring to stimulate this upregulation. Bego and colleagues
have recently shown that stimulation of interferon regulatory factor 7 can upregulate
tetherin expression in the absence of interferon signaling (Bego et al., 2012a). It is
intriguing to note that TRIM5a itself serves as a pathogen recognition receptor (Pertel et
al., 2011), raising the possibility that tetherin could act in a similar manner. In our study,
HIV Nef was required to elicit tetherin upregulation as has been shown previously for
both dendritic cells and macrophages (Schindler et al., 2010; Wu et al., 2004). Our results
suggest that the high levels of induced tetherin in HIVV-infected MDMs can explain the
finding that even wildtype, Vpu-expressing virus in MDMSs accumulates in the
intracellular VCC. Vpu is unable to counteract tetherin efficiently in MDMs, leading to

tetherin-mediated trapping of virus within the VVCC.
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VCCs in macrophages and in dendritic cells have been suggested to be sources of
virus that are available to mediated cell-cell spread upon contact with the appropriate
target cells (Gousset et al., 2008; Hubner et al., 2009; Lekkerkerker et al., 2006; Marsh et
al., 2009; Piguet and Steinman, 2007; Yu et al., 2008). The presence of tetherin in virus-
containing compartments in macrophages and the physical tethering of particles within
this compartment is likely to have impact in how this compartment participates in cell-
cell transmission events. We now demonstrate that the tethered virions within the VCC in
macrophages are inhibited in infecting T lymphocytes target cells. Depletion of tetherin
in HIV-infected MDMs led to significant increase in cell-cell transmission in our study.
These results are in agreement with the findings of Casartelli and colleagues, who
demonstrated that tetherin inhibits transmission of VVpu-deficient virus from infected cells
and target T lymphocytes (Casartelli et al., 2010). Although macrophages were not
examined, they showed that transmission across the infectious synapse was inhibited,
while polarization of viral particles to the contact site was not inhibited. Jolly and
colleagues, in contrast, found that tetherin did not diminish cell-to-cell spread of virus
(Jolly et al., 2010). Surprisingly, depletion of tetherin in their hands diminished the
formation of the virologic synapse and decreased cell-cell spread of virus. They
concluded that tetherin may in some circumstances actually enhance virus spread rather
than inhibit spread. These authors were not examining MDMs, which may explain some
of the contradictory conclusions of their study versus our study and the Casartelli study.
It remains to be determined whether the large collections of tetherin-associated virions in
human macrophages can be transmitted to target cells such as T lymphocytes, or whether

the enhanced cell-cell transmission events seen upon tetherin knockdown are occurring
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from viruses assembling on the plasma membrane that are escaping tethering and
delivery into intracellular compartments. This is an important area for additional studies.
In summary, we demonstrate that tetherin is highly enriched at the site of HIV
particle accumulation or assembly in infected macrophages, and that tetherin is a physical
tether in this compartment as it is on the plasma membrane of T cells. Depletion of
tetherin markedly diminished the size and altered the distribution of the VCC, suggesting
that tetherin is required for its formation. Tetherin depletion in HIV-infected MDMs
enhanced cell-cell transmission of HIV. Understanding further mechanistic details of the
role of tetherin in HIV retention or release in macrophages, and of the reduced ability of
Vpu to counteract tetherin in this cell type, will be important in efforts to eradicate
potential reservoirs of HIV in infected individuals and in understanding cell-to-cell

transmission events in vivo.
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MATERIALS AND METHODS

Ethics statement. Peripheral blood was obtained from healthy adult volunteer donors
according to a protocol approved by the Emory University Institutional Review Board
(IRB). The Emory IRB approval applies specifically to this study utilizing de-identified
blood samples, as well as other studies using de-identified blood samples that were listed
under the same protocol. Written informed consent was obtained from donors, and

samples were de-identified prior to handling by laboratory personnel.

Preparation of monocyte-derived macrophages (MDMSs). Peripheral blood was
obtained from healthy volunteer donors according to a protocol approved by the Emory
University Institutional Review Board (IRB). Peripheral blood mononuclear cells
(PBMCs) were obtained from the buffy coat after Ficoll centrifugation and were allowed
to adhere to plastic surface coated with poly-D-lysine (Sigma Aldrich, Saint Louis, MO,
USA). Nonadherent PBMCs were washed away after 1 hour. Adherent monocytes were
maintained in RPMI-1640 supplemented with 10% FBS, 100 ug/ml streptomycin, 100
U/ml penicillin, 2 mM glutamine, 1% sodium pyruvate, 1% non-essential amino acids,
and 1U/ml GM-CSF (Cell Sciences, Canton, MA, USA). Monocytes were maintained in
the supplemented media for 8 days for differentiation into macrophages, during which the
media was replaced every 2 days. The purity of the macrophage population was assessed

at day 10 by CD14 and CD68 staining and was on average greater than 93% (Fig. S6).

Antibodies and Immunostaining Reagents. Mouse monoclonal antibodies against

CD81, CD9, CD63, and LAMP-1(CD107a) were obtained from BD Biosciences (San
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Jose, CA, USA); mouse monoclonal antibody against PDI was obtained from Molecular
Probes (Eugene, OR, USA); mouse or donkey monoclonal antibody against TGN46 was
obtained from Abcam (Cambridge, MA, USA). Detection of tetherin was performed by
either a rabbit anti-tetherin polyclonal antibody or a mouse anti-tetherin polyclonal
antibody. The rabbit anti-tetherin antiserum was generated in rabbits using a recombinant
GST-tagged tetherin fusion protein composed of the entire ectodomain spanning amino
acids 43-179 as previously described (Ali et al., 2010). The mouse anti-tetherin
polyclonal antibody was obtained from Abnova (Taipei City, Taiwan). HIV-1 Gag
detection was performed with either rabbit anti-p17 polyclonal (Varthakavi et al., 1999),
mouse anti-p24 monoclonal CA-183 (provided by Bruce Chesebro and Kathy Wehrly
through the NIH AIDS Research and Reference Reagent Program), mouse anti-p24-FITC
(KC57-FITC), or mouse anti-p24-RD1 (KC57-RD1) purchased from Beckman Coulter
(Fullerton, CA, USA). HIV-1 Vpu detection was performed with a rabbit anti-Vpu
polyclonal antibody prepared in our laboratory. Alexa Fluor goat anti-mouse and Alexa
Fluor goat anti-rabbit secondary antibodies, as well as the DAPI nucleic acid stain were
obtained from Molecular Probes (Eugene, OR, USA). IRDye goat anti-mouse and IRDye
goat anti-rabbit secondary antibodies used for Western blots were obtained from Li-cor
Biosciences (Lincoln, NE, USA). For flow cytometry, mouse anti-human CD3-APC,
mouse anti-human CD14-FITC, and their isotype controls were obtained from BD
Biosciences (San Jose, CA, USA). Mouse anti-human CD68-APC and its isotype control
were obtained from BioLegend (San Diego, CA, USA). F(ab'), fragment donkey anti-
rabbit-APC secondary antibody used for tetherin staining was obtained from Jackson

ImmunoResearch Laboratories (West Grove, PA, USA).
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Virus stocks and infections. Vesicular stomatitis virus G glycoprotein (VSV-G)-
pseudotyped HIV-NL4-3, HIV-NLUdel, and HIVV-NL4-3-delNef virus stocks were
generated by cotransfecting 293T cells with pNL4-3, pNLUdel, or pNL4-3-delNef with
the VSV-G expression plasmid pHCMV-G (Burns et al., 1993). VSV-G-pseudotyped
HIV-R8-BaL virus stocks were generated by cotransfecting 293T cells with pR8-BaL and
the VSV-G expression plasmid pHCMV-G. Viruses were harvested from transfected
293T supernatants 48 hours post-transfection, filter-sterilized, and assayed with TZM-flI
indicator cells for infectivity assessment. For infections, MDMSs were incubated with
VSV-G-pseudotyped virus stocks or with non-pseudotyped BaL biological stock at 1
50% tissue culture infectious dose (TCIDsp) per cell for 4 hours. Cells were then washed

with PBS and incubated for 0 to 12 days before harvesting for analysis.

siRNAs and Tetherin knockdown. Tetherin SiIGENOME SMARTpool siRNA and
control SIGENOME Non-Targeting sSiRNA were purchased from Thermo Fisher
Scientific (Dharmacon, Lafayette, CO, USA). Transfection of siRNAs into MDMs was
performed with the N-TER Nanoparticle sSiRNA Transfection System (Sigma Aldrich,
Saint Louis, MO, USA). For tetherin knockdown experiments, freshly differentiated
MDMs were treated with 100nM tetherin siRNA or control siRNA for three times at 72
hours, 48 hours, and 24 hours prior to virus infection. Supernatant and cell lysate from
infected cells were harvested at day 0, 2, 4, 6, 8, 10, and 12 post infection and stored at -

80° C until analysis.
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Image acquisition and analysis. Two imaging stations equipped for live cell imaging
were employed in this study. The first imaging station was a Nikon TE2000-U spinning
disc confocal fluorescence microscope with automated stage and Hamamatsu EM-CCD
camera developed by Improvision under the control of the VVolocity software. The second
imaging station was a DeltaVision imaging system developed by Applied Precision. The
system was equipped with an Olympus 1X70 microscope and a CoolSnap HQ?2 digital
camera under the control of the softWoRx software. Imaging processing and
deconvolution was performed using softWoRx 3.7.0. Colocalization and partial
colocalization measurements were quantified with the colocalization module of VVolocity
5.2.1. For the tetherin knockdown experiments, colocalized pixels between Gag and CD9
were determined with the colocalization module of Volocity 5.5.1. The volume and the
intensity of Gag among the colocalized pixels were calculated using the measurements
module of Volocity 5.5.1. Volocity 5.2.1, Volocity 5.5.1, Adobe Photoshop CS4 and

Adobe Illustrator CS4 were used to analysis and adjust the images.

Immunofluorescence microscopy. MDMs were washed with PBS and fixed in 4%
paraformaldehyde for 12 minutes at RT. After fixation, cells were extensively washed
including an overnight wash at 4 °C. Cells were then permeabilized for 10 minutes with
0.2% Triton X-100 and blocked in Dako blocking buffer for 30 minutes. Primary and
secondary antibodies were diluted in Dako antibody diluent to appropriate concentrations.
In general, cells were stained in primary antibodies for 1.5 hours and in secondary
antibodies for 45 minutes. DAPI was used to stain the nuclei of the cells. The coverslips

were mounted in Gelvatol overnight and examined directly the next day.
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Electron microscopy. MDMs cultured on ACLAR embedding film (Ted Pella, Redding,
CA, USA) were harvested at day 8, fixed in 4% paraformaldehyde for 1 hour followed by
4% paraformaldehyde + 0.1% glutaraldehyde, and embedded in Epon. Sections were
etched with 5% H,0, for 10 minutes and washed with deionized purified H,O.
Immunolabeling of tetherin was then performed using 6nm gold beads with a similar
protocol as described previously (Hammonds et al., 2010). Images were obtained under a

Hitachi H-7500 transmission electron microscope at 75KV.

Flow cytometry for cell surface tetherin. HeLa and MDM cultures were infected with
VSV-G pseudotyped NL4-3 or NLUdel. Surface staining was performed with rabbit anti-
tetherin antiserum as described (Hammonds et al., 2010), and mouse anti-p24-FITC
(KC57-FITC, Beckman-Coulter) was employed following permeabilization to allow
gating on the infected population. HeLa cells were harvested at 48 hours post-infection in
this analysis, while MDMs were harvested at day 4 post-infection. Analysis was
performed on a FACSCanto flow cytometer (BD Biosciences) and using FlowJo software

(Treestar, Inc).

Cell-cell transmission studies. MDMs in Transwell plates (Corning, NY, USA) were
treated with control siRNA or tetherin siRNA as described earlier followed by infection
with VSV G-pseudotyped NL4-3. On day 2 post-infection, H9 cells were added to the
MDM cultures, either in the insert chamber or in the bottom chamber in contact with the

MDMs. The cocultures were then centrifuged for 5 minutes at 300 x g to allow better
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attachment of H9 cells to MDMs. Samples were harvested at 0, 24, and 48 hours post the
coculture. H9 cells were harvested from the insert chambers and the bottom chambers
and were fixed in 4% paraformaldehyde. Fixed H9 cells were then permeabilized and
labeled for CD3 and HIV-1 Gag. Flow cytometry was performed to analyze the
percentage of infected H9 cells by gating on CD3-positive, Gag-positive cells. Infected
H9 cells detected from the insert chamber represented cell-free transmission events and
infected H9 cells detected from the bottom chamber represented total transmission events.
Cell-cell transmission events were derived by subtracting the cell-free transmission
events from the total transmission events. MDMs were lysed with RIPA buffer and were
prepared for Western Blotting to access the efficiency of tetherin knockdown. For the
cell-cell transmission experiment performed in regular plates, MDMs were treated with
control sSiRNA or tetherin siRNA as described earlier followed by infection with VSV-G-
pseudotyped NL4-3. On day 2 post infection, H9 cells were added to the MDM cultures
and were centrifuged for 10 minutes at 300 x g to ensure cell-cell contact of H9 cells with
MDMs. Samples were harvested at 0, 24, 48, and 72 hours post the co-culture. H9 cells
were harvested at the indicated time points and were fixed in 4% paraformaldehyde.
Fixed H9 cells were then permeabilized and were labeled for CD3 and HIV-1 Gag. Flow
cytometry was performed as before. MDMs were lysed with RIPA buffer and were

prepared for Western Blotting to access the efficiency of tetherin knockdown.

IFN-o ELISA and IFN-a titration. MDMSs were infected with VSV-G-pseudotyped
NL4-3 or VSV-G-pseudotyped NLUdel. MDMs from the same donors were stimulated

with poly(1:C) (InvivoGen, San Diego, CA, USA) by adding 25 pg/ml poly(l:C) in the
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cultures. Supernatants and cell lysates were harvested at the indicated time points. IFN-a
level from the supernatants were measured by an IFN-a ELISA kit from Mabtech
(Mariemont, OH, USA). IFN-a titration were performed by adding 0, 10, 25, 50, 100,
500, or 1000 Unit/ml human recombinant IFN-a (Sigma-Aldrich, St. Louis, MO, USA)
into uninfected MDMs, 24 hours after the IFN-o stimulation, MDMs were harvested and
checked for tetherin and actin expression. IFN-f level from the supernatants were

detected by an IFN-B ELISA kit from PBL Interferon Source (Piscataway, NJ, USA).
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IV. CONCLUSIONS

Virus-containing compartments (VCCs) were observed in infected macrophages
from brain biopsies of infected patients and from infected cell cultures in vitro soon after
the identification and isolation of HIV. For over 25 years, numerous laboratories across
the world have dedicated their effort on studying the VCCs in infected macrophages.
Because of this effort, many of the biological characteristics and physical properties of
the VCCs are now known. However, the nature and origin of VCCs remains incompletely
understood. In this dissertation, we first carefully accessed the biological nature of the
VCCs in infected MDMs, followed by a thorough study on the role of tetherin in this
physiological relevant cell type. Our results indicate that tetherin plays important role in
HIV accumulation and dissemination in infected MDMSs, and our data provide new

insights into the nature of the VCCs in infected MDMs.

In summary, we investigated the biological nature of the VCCs by examining the
accessibility of the VCCs from the external environment. Importantly, antibodies,
cationized ferritin, and low molecular weight dextran were excluded from the majority of
VCCs. At the same time, an endosomal-targeting mutant virus was also targeted to the
VCCs where wild type virus accumulated. Our results suggest that the majority of VCCs
in macrophages are not open to the external environment. In parallel, we demonstrated
that tetherin was highly enriched at the site of HIV particle accumulation or assembly in
infected macrophages, and that tetherin was a physical tether in this compartment as it
was on the plasma membrane of T cells. Tetherin was up-regulated upon HIV infection
and the up-regulation was not prevented by Vpu. Tetherin knockdown promoted cell-cell

transmission from infected MDMs to T cells. Importantly, depletion of tetherin markedly
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diminished the size and altered the distribution of the VCCs, suggesting that tetherin was

required for the formation of VCCs.

Taken together, our result support a model in which tetherin plays a critical roles
in the accumulation of HIV particles in infected human macrophages, and may regulate
both particle release and cell-cell transmission from this important cell type.
Understanding further mechanistic details of the role of tetherin in HIV retention or
release in macrophages, and of the reduced ability of Vpu to counteract tetherin in
macrophages, will be important in efforts to eradicate potential reservoirs of HIV in

infected individuals and in understanding cell-to-cell transmission events in vivo.
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