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ABSTRACT

Human Immunodeficiency Virus Type 1 (HIV-1), the causative agent of AIDS,
encodes four proteins (Nef, Vif, Vpr and Vpu) that have evolved specific roles in
promoting efficient viral replication and dissemination. A key attribute of these viral
factors is their ability to interfere with multiple host defense mechanisms through one of
two ways: manipulation of the ubiquitin proteasome system (UPS) or altered intracellular
protein trafficking.

In particular, Vpu is a small integral membrane protein that is expressed late in
the wviral life cycle and found only within HIV-1 and some related simian
immunodeficiency virus (SIV) isolates. Vpu antagonizes multiple cellular targets that are
involved in innate and adaptive immunity, including the restriction factor BST-2, a
family member of cellular “intrinsic” proteins that serve to restrict viral replication
immediately following viral infection. In this work, we show that Vpu downregulates the
chemokine receptor CCR7 on the surface of HIV-1-infected primary CD4" T cells by
sequestering the protein in a perinuclear compartment (the trans-Golgi Network: TGN).
This compromises the migratory potential of T cells in a CCR7-dependent manner and
may have major implications in HIV-1 pathogenesis.

Additionally, we clarify the mechanisms by which Vpu relies on cullin-RING
Ligases (CRLs), one of the largest classes of E3 Ubiquitin Ligases within the UPS, to

downregulate host proteins from the cell surface. Through the use of a neddylation



inhibitor, a post-translational modification necessary for CRL activity, we establish that
Vpu-mediated BST-2, CCR7 and Natural T and B cell antigen (NTB-A) downregulation
is CRL-independent. This provides further support that Vpu is a multifunctional

accessory protein that has evolved several ways to interfere with its cellular targets.
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CHAPTER 1

MODULATION OF INTRINSIC, INNATE, AND
ADAPTIVE IMMUNE FACTORS

BY HIV-1 VPU



1.1 Introduction

After viral entry into cells, viruses must subvert the cellular landscape in order to
provide a favorable environment conducive for producing new progeny. As intracellular
obligate parasites, viruses utilize host cellular machinery to effectively transcribe their
genome, translate the RNA into proteins, and assemble the components into virions for
the infection of new target cells. In most cases, viral replication and dissemination can be
controlled and eventually cleared through the effects of the host immune system.
Pathogens such as Human Immunodeficiency Virus (HIV), however, have evolved
specific countermeasures to evade host immunity, leading to chronic life-long infections
that are difficult if not impossible to eradicate.

Genomically, all retroviruses encode common structural and enzymatic genes
required for cell entry, reverse transcription, integration, proteolytic processing and viral
packaging (Gag, Pol, and Env) (Kirchhoff, 2010). Members of the more complex
Lentivirus family, which includes HIV, encode additional genes. Some of these are
regulatory, functioning as transcriptional regulators or assisting with the nuclear export of
viral mRNAs (Tat and Rev). The other remaining genes (nef, vif, vpu, vpr, and / or vpx)
encode for “accessory” proteins that, in some cases, are dispensable for viral infection in
vitro. Instead, accessory proteins are essential in evading the host immune response in
vivo, leading to efficient viral persistence and pathogenesis (Malim and Emerman, 2008).
The acquisition of certain accessory genes within HIV and other primate lentiviruses
most likely reflects an evolutionary tactic to enhance species-specific viral fitness against
a number of host-selective pressures, including proteins that immediately act on

inhibiting viral replication and dissemination (“restriction factors”). As such, all



accessory proteins possess an inherent ability to serve as viral adaptors, whereby they can
recruit specific cellular complexes to assist in antagonizing host immune proteins and/or
modify the host environment to maintain effective immune evasion (Collins and Collins,
2014).

Among one of the most common viral counteraction mechanisms is subversion of
the ubiquitin proteasome system (UPS). Within eukaryotic cells, the UPS is essential in
regulating protein degradation to maintain cellular homeostasis. Typically, proteins are
“marked” for degradation through the post-translational addition of ubiquitin onto lysine,
serine, or threonine residues, resulting in polyubiquitin chains that provide a signal for
the protein to be degraded by the 26S proteasome (Soucy et al., 2009). The process of
ubiquitination involves three main steps and is carried out in an enzymatic fashion. First,
ubiquitin is activated by ubiquitin-activating enzyme (UAE/E1) in an ATP-dependent
manner (Haas and Rose, 1982). Second, the activated ubiquitin is transferred to an
ubiquitin-conjugating enzyme (E2) via a transthiolation reaction. Finally, an E2 can
associate with an ubiquitin ligase (E3) to mediate the polyubiquitination of a target
substrate recruited by the E3.

One of the largest and best-characterized E3 ubiquitin ligase complexes are Cullin
RING Ligases (CRLs). CRLs play a role in regulating many diverse cellular processes,
some of which include transcription, signal transduction, development, and multiple
aspects of the cell cycle (Bosu and Kipreos, 2008). CRL complexes consist of a cullin
scaffold (humans possess seven cullins) onto which a substrate receptor, substrate
adaptor, and RING-box protein 1 (Rbx1) can load (Petroski and Deshaies, 2005). An E2

can then interact with Rbx1 to facilitate the transfer of ubiquitin onto the substrate



(Figure 1.1).

Activation of CRLs is accomplished through the addition of the ubiquitin-
homologous NEDDS8 (neural precursor cell expressed developmentally down-regulated
protein 8) onto cullins, a post-translational process termed neddylation (Rabut and Peter,
2008). This induces a conformational change within cullins whereby they can assemble
into a full CRL complex through dissociation from CAND1 or GLMNI, which holds
them in an inactive-bound form (Pierce et al., 2013; Tron et al., 2012; Zheng et al., 2002).
Conversely, CRLs can be inactivated though deneddylation, a function of the eight-
subunit COP9 signalosome (CSN) complex (Schmaler and Dubiel, 2010).

With regards to HIV, accessory proteins can act as viral adaptors to recruit CRLs
for the targeted degradation of specific proteins. Usually, these include restriction factors
that serve as an “intrinsic” first line of defense against viral infection. For instance, HIV-
1 Vif recruits a cullin5-containing (CRLS5) complex to induce the proteasomal
degradation of APOBEC3G (apolipoprotein G mRNA-editing enzyme, catalytic
polypeptide-like 3G) (Yu, 2003). In the absence of Vif, APOBEC3G induces lethal G to
A hypermutations within the retroviral genome due to its cytidine deaminase activity,
severely impairing viral replication (Harris et al., 2003; Mangeat et al., 2003; Sheehy et
al., 2002; Zhang et al., 2003). Similarly, the HIV-2 Vpx protein recruits a cullin4-
containing (CRL4) complex to induce SAMHDI (SAM domain and HD domain-
containing protein 1) proteasomal degradation (Hrecka et al., 2011; Laguette et al., 2011),
restoring the intracellular pool of deoxynucleoside triphosphates for efficient cDNA
synthesis (Lahouassa et al., 2012). Furthermore, HIV-1 Vpu degrades CD4 by linking the

protein to a cullinl-containing (CRL1) complex to increase viral fitness (Figure 1.1)



(Margottin et al., 1998).

This chapter will provide an overview of the recent progress within the Vpu field
and our current understanding of the strategies employed by this multifunctional viral
factor to utilize both CRL-dependent and -independent mechanisms to promote immune

evasion and pathogenesis.

1.2 Acquisition of Vpu and HIV phylogeny

Lentiviruses chronically infect a wide variety of mammalian species, including
primates, felids, and wild and domesticated ungulates. In particular, primate lentiviruses
are found in over 40 different African nonhuman primates (NHP) (Hahn et al., 2000;
Pandrea et al., 2008), and current knowledge proposes that vpu was obtained from an SIV
(Simian Immunodeficiency Virus) presently found within some members of the
Cercopithecus family (Bailes et al., 2003). This vpu-containing SIV was then transmitted
to chimpanzees and formed a hybrid with an SIV ancestor found within red-capped
mangabeys (Bailes et al., 2003). Due to overlapping territorial ranges (Central and West
Africa) and the predatory relationship chimpanzees have with red-capped mangabeys, it
is likely that a chimpanzee was co-infected with both simian viruses. Consequently, viral
recombination may have occurred, resulting in the emergence of SIVch. (Pan troglodytes
troglodytes: Ptt). This subsequently led to viral spread among chimpanzees, transmission
into humans and gorillas, and the eventual appearance of HIV-1 and SIVgor (Gorilla
gorilla gorilla) (Gao et al., 1999; Sharp and Hahn, 2010).

There are two types of HIV that cause AIDS within humans: HIV-1 and HIV-2.
HIV-1 consists of four lineages: Group M (“Main” — the major cause of the worldwide

AIDS pandemic), Group O (“Outlier”), Group N (“Non M, Non O”), and Group P. Each



lineage arose through independent zoonotic (cross-species) transmission events from
either SIVehz or SIVeor (Group P) (Plantier et al., 2009). HIV-2 emerged through cross-
species transmission from a retrovirus within sooty mangabeys (SIVsm) and is mainly
restricted to West and Central Africa (along with HIV-1 Groups N, O and P) (Hahn et al.,

2000; Sharp and Hahn, 2010).

1.3 Vpu expression and structure

Vpu and envelope (Env) are expressed from a single bicistronic mRNA, whereas
all other HIV-1 products are produced through a complex pattern of alternative splicing
or proteolyic processing by the Gag and Pol polyproteins (Schwartz et al., 1990). The
Vpu gene product encodes for an 81-amino-acid type 1 integral membrane phospho-
protein that contains two major structural domains: an N-terminal hydrophobic
membrane anchor (residues 1-27) and a large 54-residue C-terminal amphipathic region
that extends into the cytoplasm (Figure 1.2) (Maldarelli et al., 1993; Strebel et al., 1988).
Vpu has the ability to homo-oligomerize and is mainly localized within intracellular
membrane regions corresponding to the endoplasmic reticulum (ER), the trans-golgi
network (TGN), and endosomal compartments (Dube et al., 2009; Klimkait et al., 1990;
Maldarelli et al., 1993). Synthetic peptides encompassing the Vpu cytoplasmic domain
identified two discrete a-helical structures separated by a flexible linker containing a pair
of serine residues (Federau et al., 1996; Henklein et al., 1993; Kochendoerfer et al., 2004;
Wittlich et al., 2009; Wray et al., 1995; Zheng et al., 2003). These two phosphoacceptor
sites, serine 52 and 56, lie within a highly conserved C-terminal stretch of residues (47-
58) and are constitutively phosphorylated by the ubiquitous casein kinase II (CKII)

(Schubert et al., 1994; Tiganos et al., 1998).



1.4 Vpu-induced degradation of CD4

Primate lentiviruses induce the rapid and sustained cell surface downregulation of
cluster of differentiation 4 (CD4) to prevent lethal superinfection and premature
apoptosis of virally infected cells (Wildum et al., 2006). Interestingly, HIV-1 devotes
Nef, Env and Vpu to target CD4 via three distinct mechanisms. Nef, an early gene
product, targets pre-existing cell-surface CD4 molecules for lysosomal degradation via a
clathrin-dependent process (Aiken et al., 1994; Chaudhuri et al., 2007; Rhee and Marsh,
1994). The Env precursor protein, gpl160, retains CD4 within the ER and inhibits its
transport to the plasma membrane (PM) (Bour et al., 1991; Crise et al., 1990; Jabbar and
Nayak, 1990). Vpu induces the proteasomal degradation of de novo synthesized CD4
from the ER, reducing its half-life from 6 hours to approximately 15 minutes to enable
Env maturation and full viral assembly (Bour et al., 1991; Buonocore and Rose, 1990;
Willey et al., 1992a, b).

Vpu binds CD4 at a short cytoplasmic membrane proximal motif, LSEKKT
(residues 414-419) (Bour et al., 1995; Lenburg and Landau, 1993; Vincent et al., 1993;
Yao et al., 1995). Although the exact residues are unknown, NMR studies have suggested
Vpu’s cytoplasmic a-helices (C-terminal domain) seem to play an important role in CD4
interaction (Margottin et al., 1996; Singh et al., 2012). In support of this, a Vpu mutant
harboring a scrambled primary amino acid sequence within the transmembrane (TM)
domain still bound CD4 and induced its degradation (Schubert et al., 1996). Interestingly,
a recent study identified a conserved residue within the Vpu TM domain, tryptophan 22
(W22), that when mutated to leucine inhibited CD4 degradation but not interaction

(Magadan and Bonifacino, 2012). Magadan and colleagues showed that W22, which is



highly conserved among HIV-1 and some SIVch: strains, instead prevents Vpu
oligomerization (Magadan and Bonifacino, 2012; Maldarelli et al., 1993). This keeps
Vpu in its monomeric, active form to presumably retain a favorable interaction with CD4,
spatially orienting the immune receptor for eventual polyubiquitination of its cytosolic
tail at lysine and serine/threonine residues (Binette et al., 2007; Magadéan et al., 2010).
Proteasomal degradation of CD4 relies on the recruitment of Skp1-Cullinl-F-box
(SCF) E3 Ubiquitin Ligase complex. This was elucidated when a yeast two-hybrid
approach identified an interaction between Vpu and the human beta transducin-repeat
containing protein (B-TrCP), where CD4, Vpu and B-TrCP existed in a ternary complex
(Margottin et al., 1998). B-TrCP is a member of the F-box protein (FBP) family, currently
composed of 68 additional proteins (Skaar et al., 2013). FBPs serve as substrate adaptors
to mediate the formation of an SCF E3 Ubiquitin Ligase Complex that results in the
degradation of a wide variety of cellular proteins (Mahon et al., 2014). B-TrCP contains
an F-box motif necessary for interaction with Skpl and WDA40 repeats that recognize
canonical phosphodegron motifs present within substrates (Skaar et al., 2013).
Accordingly, mutation of Vpu’s phosphoserine residues inhibits interaction with B-TrCP,
preventing CD4 degradation (Margottin et al.,, 1998). Silencing of B-TrCP1 or the
paralogous B-TrCP2 (HOS) also prevents the ability of Vpu-mediated CD4 degradation
(Butticaz et al., 2007). Furthermore, dominant-negative mutants or depletion of cellular
pools of the ER-associated degradation (ERAD) components VCP (p97), UFDIL, or
NLP4 inhibit Vpu from degrading CD4 (Binette et al., 2007; Magadan et al., 2010).
Taken together, these latter findings support how Vpu extracts CD4 from the ER for

eventual degradation by a cytosolic ubiquitin ligase complex (Figure 1.3).



1.5 Vpu-mediated counteraction of BST-2

1.5.1 BST-2: structure and function

Bone marrow stromal antigen 2 (BST-2; tetherin) inhibits viral egress of nearly all
enveloped viruses, including retroviruses, filoviruses, rhapdoviruses, paramyxoviruses,
arenaviruses, and herpes viruses (Neil, 2013). Accordingly, Vpu counteracts BST-2 in
HIV-1 infected cells to promote efficient viral release (Neil et al., 2008; Van Damme et
al., 2008). Constitutive BST-2 expression is cell-type specific and Type 1 IFN inducible
(Geraghty et al., 1994; Neil et al., 2007; Sakai et al., 1995).

BST-2 was initially discovered within terminally differentiated B cells obtained
from multiple myeloma patients (Goto et al., 1994; Ohtomo et al., 1999). The protein is a
30-36 kDa type II single pass TM protein that forms stable cysteine-linked dimers
(Andrew et al., 2009; Goto et al., 1994; Ohtomo et al., 1999; Perez-Caballero et al.,
2009). At the PM, BST-2 resides within cholesterol-rich microdomains (lipid rafts) and
also localizes within internal membrane compartments: the TGN and early and recycling
endosomes (Kupzig et al., 2003; Masuyama et al., 2009). Structurally, BST-2 has an
unusual topology, consisting of a short N-terminal cytoplasmic tail, a TM domain, and an
ectodomain (extracellular core) that is anchored by a C-terminal glycosyl-
phosphatidylinositol (GPI) moiety (Kupzig et al., 2003). X-ray crystallography of the
recombinant BST-2 ectodomain identified a 90 A parallel homodimer constituting a
disulfide-linked coiled-coil domain structure (Hinz et al., 2010; Schubert et al., 2010).
Upon viral budding BST-2 dimers adopt an “axial” configuration wherein pairs of TM
domain or GPI anchors are inserted into assembling virions, while the remaining pairs of

membrane anchors remain in the infected cell’s plasma membrane (Perez-Caballero et
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al., 2009; Venkatesh and Bieniasz, 2013). Interestingly, an “artificial” BST-2 composed
of heterologous protein domains inhibited HIV-1 and Ebola viral release, identifying that
the configuration of BST-2, rather than the primary sequence, is important for antiviral
activity (Perez-Caballero et al., 2009). Moreover, species-specific adaptation to
counteract BST-2 occurs among all primate lentiviruses through the actions of either Vpu
(HIV-1) (Neil et al., 2008; Van Damme et al., 2008), Env (HIV-2; SIVagm Tan; SIVmac
ANef isolates) (Gupta et al., 2009; Hauser et al., 2010; Le Tortorec and Neil, 2009; Serra-
Moreno et al., 2011) or Nef (most SIV isolates) (Jia et al., 2009; Sauter et al., 2009;

Zhang et al., 2009).

1.5.2 Vpu-mediated BST-2 counteraction: traffic jam in the TGN

It is now widely accepted that Vpu-mediated surface downregulation of BST-2 is
a key mechanism in viral antagonism. Rather than altering the distribution of BST-2 on
the PM (i.e., within lipid rafts), Vpu interferes with the protein’s normal trafficking
pattern (Dube et al., 2011; Lopez et al., 2012). BST-2 normally cycles between the PM,
TGN, and endosomes, with a fraction sorted for lysosomal degradation through the
coordinated action of the endosomal sorting complex required for transport (ESCRT)
machinery (Habermann et al., 2010; Janvier et al., 2011; Masuyama et al., 2009; Rollason
et al., 2007). Internalization of BST-2 from the PM relies on clathrin-mediated
endocytosis, particularly Adaptor-Protein Complex 2 (AP-2) (Masuyama et al., 2009;
Rollason et al., 2007). Adaptor-Protein Complex 1 (AP-1) mediates retrieval of BST-2
from late endosomes back to the TGN (Masuyama et al., 2009; Rollason et al., 2007). In
both cases, a dual tyrosine motif (YexYs; where x is any amino acid) within the

cytoplasmic domain of BST-2 mediates binding with AP-1/AP-2 (Rollason et al., 2007).
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On the other hand, Vpu and BST-2 interact through their transmembrane domains (I34,
L37 and La1 (BST-2), and A4, W22 and Ais (Vpu)), leading to the formation of an anti-
parallel helix-helix interface (Figure 1.2) (Kobayashi et al., 2011; Skasko et al., 2011;
Vigan and Neil, 2010). Consequently, scrambling of the Vpu TM domain inhibits Vpu
from antagonizing BST-2 (Schubert et al., 1996; Van Damme et al., 2008). Interestingly,
Vpu does not increase the constitutive endocytosis rate of BST-2 but rather inhibits de
novo and recycled BST-2 from trafficking to the PM, sequestering the protein in a
perinuclear compartment (Dubé¢ et al., 2010; Dube et al., 2011; Dube et al., 2009; Lau et
al., 2011; Mitchell et al., 2009; Schmidt et al., 2011). This is attributed to Vpu isolates
possessing a highly conserved region (Eso VSAL63V) within the membrane-distal half of
their cytoplasmic domain (Kueck and Neil, 2012; McNatt et al., 2013). Specifically, this
motif mimics a canonical acidic dileucine-based sorting signal ((D/E)xxxL(L/I/M)) that
mediates interaction with AP complexes (Canagarajah et al., 2013), which Vpu utilizes to
simultaneously bind BST-2 and AP-1 to prevent de novo and recycled BST-2 from
reaching the cell surface (Figure 1.4) (Jia et al., 2014).

Apart from BST-2 downmodulation, Vpu also accelerates the lysosomal,
degradation of BST-2 in an ECSRT and SCFPT™P E3 ubiquitin ligase complex-dependent
manner (Caillet et al., 2011; Douglas et al., 2009; Iwabu et al., 2009; Janvier et al., 2011;
Mitchell et al., 2009). However, we and others have shown that Vpu-induced surface
downregulation of BST-2 is independent of B-TrCP and cullin activity (Goffinet et al.,
2010; Ramirez et al., 2015; Tervo et al., 2011). This clarifies that Vpu-induced BST-2
degradation is a consequence, rather than a cause, of BST-2 surface downregulation, and

that Vpu utilizes both CRL-dependent and -independent mechanisms to counteract the
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antiviral function and overall cellular levels of BST-2.

1.5.3 BST-2 and Antibody-Dependent
Cell-Mediated Cytotoxicity (ADCC)

Despite a well-documented role in inhibiting cell-free virus, the immunological
implications of BST-2’s ability to tether nascent virions at the cell surface had not been
well understood. In particular, tethered particles leave HIV-1 vulnerable to recognition
and opsonization by circulating antibodies. One mechanism of clearing antibody-
opsonized cells is ADCC. Classical ADCC involves the binding of FcyRIlIla expressed on
Natural Killer (NK) cells with the Fc regions on antibodies, leading to the release of NK
cytotoxic granules to lyse target cells. Two studies concurrently identified that Vpu
modulates BST-2 surface expression to evade ADCC (Alvarez et al., 2014; Arias et al.,
2014). Alvarez et. al. showed that HIV-1AVpu-infected cells displayed enhanced IgG
opsonization and greater NK cell FcyRIIla signaling and degranulation, correlating these
functions with enhanced BST-2 expression (Alvarez et al., 2014). Meanwhile, the Evans
group co-cultured an NK cell line constitutively expressing FcyRIIla with CEM target
cells containing a tat-inducible luciferase reporter gene. In the presence of antibodies
derived from HIV-1-viremic patients, HIV-1AVpu cells were 60-fold more susceptible to
ADCC than HIV-1-infected cells. Moreover, this effect was enhanced through Type 1
IFN treatment but inhibited upon knockdown of BST-2 (Arias et al., 2014). Therefore,
these results suggest that BST-2 serves an important (and until recently underappreciated)

role in bridging both innate and adaptive antiviral immunity.
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1.6 Other recently discovered targets of Vpu

1.6.1 NTB-A and PVR

NK cells play a vital role in combating the early phases of viral infection through
multiple mechanisms. These include the production of cytokines to inhibit viral
replication and dissemination, the participation in ADCC to induce target cell apoptosis
(as discussed earlier), or the release of cytolytic granules (degranulation) onto infected
cells (Sowrirajan and Barker, 2011). As such, many viruses (including HIV-1) have
evolved ways to subvert and incapacitate NK cells from exerting these antiviral
functions. In particular, Vpu was recently shown to downregulate NK T and B cell
antigen (NTB-A) (Shah et al., 2010). NTB-A is a Type I transmembrane protein and a
member of the signaling lymphocytic activation molecule (SLAM) receptor family. It is
expressed on all NK and CD4" T cells and acts in a homotypic manner as a co-activating
receptor on NK cells (Cannons et al., 2011). Successful NK degranulation requires the
coordinated action of three major classes of receptors: i.) adhesion receptors ii.)
activation receptors and iii.) co-activation receptors (Bryceson et al., 2006). Thus, by
decreasing cell surface NTB-A (Fogli et al., 2008; Ward et al., 2007), Vpu impairs the
ability of NK cells to properly release their cytolytic granules and induce the lysis of
HIV-1-infected cells (Shah et al., 2010). This finding also supports why NK cells display
inefficient degranulation despite Vpr upregulating ligands (ULBP1/2) for the NK
activation receptor NKG2D (Ward et al., 2009). Interestingly, although Vpu binds NTB-
A via transmembrane domain interactions, Vpu does not require CRL activity to
downmodulate NTB-A (Ramirez et al., 2015; Shah et al., 2010). Rather, Vpu affects the

glycosylation pattern of NTB-A, thereby affecting its transport to the plasma membrane
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and retaining NTB-A in the TGN (Bolduan et al., 2013). This novel mechanism further
alludes to the versatility of Vpu and its interference with cellular targets.

Recently, it was shown that PVR (poliovirus receptor, CD155) is downregulated
by both Nef and Vpu (Matusali et al., 2012). PVR is a ligand for the DNAM-1 adhesion
molecule and is expressed on NK cells, CD8" T cells, as well as other cell types. While
Nef seems to decrease total levels of PVR, Vpu sequesters the ligand in a perinuclear
compartment (Bolduan et al., 2014; Matusali et al., 2012). Matusali and colleagues
showed that HIV-1ANef-infected Jurkat cells were more susceptible to NK cell-mediated
lysis and that this effect was partly reduced by blocking with an a-DNAM-1 antibody,
suggesting a role for PVR in these functions (Matusali et al., 2012). The contribution Vpu
alone plays in modulating PVR and NK cell-mediated lysis was not, however, shown.
Therefore, as DNAM-1 is also involved in cell adhesion and migration, the exact role that
PVR downregulation plays in HIV-1 pathogenesis will need to be further elucidated,
particularly in primary cells.

Finally, in addition to activating receptors, NK cells also possess inhibitory
receptors (INKRs) that prevent the inadvertent killing of healthy cells. Among the major
classes of iNKRs are the Killer Immunoglobulin (Ig) Like Receptors (KIRs), whose
ligands include the major histocompatibility complex (MHC) class I molecules
(Sowrirajan and Barker, 2011). Cell surface expression of MHC-I molecules is present on
all nucleated cells, but is usually downregulated by viruses such as HIV-1 as a means to
evade cytotoxic T lymphocyte (CTL) responses (Collins et al., 1998; Schwartz et al.,
1996). Indeed, one of the major roles of HIV-1 Nef is to downregulate the MHC-I alleles

HLA-A and B but not HLA-C or E (Cohen et al., 1999). Since HLA-C and E
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preferentially protect humans from NK cytotoxicity, this selective MHC downregulation
provides HIV-1 with the means to effectively avoid recognition by cytotoxic CD8" T
cells and NK cells (Cohen et al.,, 1999). Given that NTB-A and PVR are also
downregulated by Vpu and Nef, Vpu therefore assists Nef in the coordinated disarming

of NK cells against HIV-1 infection.

1.6.2CDIld

Invariant Natural Killer T cells (iNKT) are a unique subset of lymphocytes that
play key roles within the innate immune system through the secretion of antiviral and
immunoregulatory cytokines. They possess markers typically associated with NK cells as
well as a semi-invariant T cell receptor (TCR) repertoire: Va24 and Jal8 (a chain) paired
with VP11 (B chain) (Bendelac et al., 2007). iNKT cells bind nonclassical antigen-
presenting molecules of the CD1 family that present glycolipid antigens rather than
peptides (Godfrey and Kronenberg, 2004). This leads to iNKT cell activation and
subsequent effector function. Humans possess four different CD1 molecules that present
endogenous or exogenous lipid-antigens to iNKT cells: CDla, CD1b, CDlc¢ (Group ),
and CD1d (Group II) (Brigl and Brenner, 2004; Moody, 2006). Expression of Group I
CD1 molecules is mostly limited to Antigen Presenting Cells (APCs), whereas CD1d is
more widely expressed on APCs, B cells, monocytes, macrophages, and in some
circumstances, activated T cells (Dougan et al., 2007).

Both Nef and Vpu contribute to impairing iNKT cell activation through surface
downregulation of CD1d (Sandberg et al., 2012). Nef accelerates the internalization rate
of CD1d molecules from the PM in an AP-2-dependent manner, leading to CDI1d

retention in the TGN (Chen et al., 2006; Cho et al., 2005). Vpu, however, inhibits the
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recycling of CDI1d back to the PM, leading to CDId accumulation within early
endosomes (Moll et al., 2010). Mutation of Vpu’s serine residues did not abrogate Vpu-
mediated CD1d downregulation, suggesting cullin activity and B-TrCP are dispensable
for this function (Sandberg et al., 2012). Interestingly, a cytoplasmic distal C-terminal
motif (APW) that is conserved between Group M Vpu proteins was recently identified as
a critical determinant in Vpu-mediated CD1d downregulation (Béichle et al., 2015).
Further structural and functional studies will be needed to determine whether this motif

mediates binding between Vpu and CD1d or to possibly another cellular co-factor.

1.6.3 CCR7 and CD62L

Coordinated lymphocyte trafficking between the blood, lymphatics, and
secondary lymphoid organs (SLO) is essential for the proper development of an immune
response against pathogens and is primarily controlled through expression of the homing
molecules CCR7 and CD62L (L-selectin). CCR7 is a chemokine receptor that possesses a
seven-transmembrane domain-spanning region and heterotrimeric G-protein signaling
activity. Various subpopulations of T cells constitutively express CCR7, whereas the
protein is upregulated upon maturation by antigen-presenting dendritic cells (DCs)
(Forster et al., 2008). Continual lymphocyte recirculation between the bloodstream and
lymphatic tissues is regulated by CCR7’s two chemokine ligands (CCL19 and CCL21),
which are expressed in a homeostatic manner within primary and secondary lymphoid
organs (Legler et al., 2014). The lectin-like receptor CD62L serves as an adhesion
molecule, binding glycoproteins (i.e., CD34, GlyCAM-1) present on high endothelial
venules (HEVs). This helps in the capture of leukocytes from the bloodstream and

facilitates their subsequent “rolling” along HEVs, initiating a cascade of events that



17

culminates in the transmigration of immune cells into SLO (Khan and Kubes, 2003).

Recently, we and others have shown that HIV-1 modulates surface expression of
both CCR7 and CD62L in CD4" T cells (Ramirez et al., 2014; Trinite et al., 2014;
Vassena et al., 2015). Vpu physically interacts with CCR7 and is both necessary and
sufficient to reduce surface levels of the chemokine receptor (Ramirez et al., 2014).
Rather than inducing degradation, Vpu relocalizes CCR7 within the TGN (Ramirez et al.,
2015; Ramirez et al., 2014). As a consequence, HIV-1-infected primary CD4" cells
expressing Vpu are impaired in their ability to migrate in vitro in a CCL19-dependent
manner (Ramirez et al., 2014).

Interestingly, a coordinated effort between Nef and Vpu is necessary to
downregulate CD62L (Vassena et al., 2015). Vassena et al. showed that both Nef and
Vpu inhibit the transport of de novo CD62L towards the PM, resulting in the
sequestration of CD62L within a perinuclear compartment (Vassena et al., 2015).
Importantly, the adherent and signaling properties attributed to CD62L expression were
hindered in primary CD4" T cells infected with HIV-1 (Vassena et al., 2015). Future
studies within humanized mouse models will likely be necessary to determine the full
biological implications of HIV-1-mediated CCR7 and CD62L downregulation and how

these functions may influence viral propagation, dissemination, and / or persistence.

1.6.4 Tetraspanins

Humans encode 33 tetraspanins, integral membrane proteins that possess four
transmembrane-spanning domains. Tetraspanins have a propensity to form homo- and
hetero-dimers, -trimers or -tetramers with themselves or other proteins (integrins and

other tetraspanins), resulting in the organization of specialized membrane domains
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known as tetraspanin-enriched microdomains (TEMs) (Hemler, 2005). TEMs regulate
many diverse cellular processes, including cell adhesion, motility, fusion, activation, and
proliferation (Yanez-Mo et al., 2009). In addition to their multifaceted roles within cell
biology, tetraspanins have also been associated with infectious diseases. Indeed, reports
have shown that some tetraspanins (CD9, CD53, CD63, CD81, CDS82, tetraspanin 14) are
enriched within HIV-1 budding sites and can be incorporated into viral particles (Thali,
2011). HIV-1 Gag has been implicated in specifically recruiting tetraspanins to areas of
HIV-1 assembly, perhaps to provide a favorable environment for viral egress (Hogue et
al., 2011; Krementsov et al., 2010). Paradoxically, other reports have shown the
incorporation of tetraspanins into HIV-1 particles renders the virus less infectious
through inhibiting fusion and entry into target cells (Krementsov et al., 2009; Sato et al.,
2008; Symeonides et al., 2014; Weng et al., 2009). Moreover, although tetraspanins
accumulate at viral budding sites, a reduction in the overall levels of tetraspanins has
been observed (Krementsov et al., 2009).

Two studies reported that Nef and Vpu alter the cell surface expression of
members of the tetraspanin family, altering their trafficking through sequestration in a
perinuclear compartment (Haller et al., 2014; Lambele et al., 2015). Lambele and
colleagues focused on CD81, a ubiquitous tetraspanin, and showed that Vpu degraded the
protein in multiple cell types in a proteasomal- and lysosomal-dependent manner
(Lambele et al., 2015). Moreover, HIV-1AVpu or ANef virions produced in CD81-
expressing CEMss cells were less infectious than HIV-1wt virions (Lambele et al., 2015).
In a similar manner, Haller et al. showed that HIV-1AVpu or ANef viruses displayed

reduced viral spread, cell migration, and actin rearrangement (Haller et al., 2014). Thus,
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it seems that both Nef and Vpu regulate overall tetraspanin levels to provide an

environment conducive to efficient viral dissemination.

1.7 Conclusions

Despite its small size, Vpu is a multifunctional viral protein that interferes with
numerous host immune factors through discrete mechanisms. First, Vpu acts as a viral

b

adaptor by “mimicking ” a canonical phosphodegron motif via its phosphoserine
residues, recruiting B-TrCP and the SCFPTP E3 ubiquitin ligase complex to induce CD4
proteasomal or BST-2 lysosomal degradation (Roy et al., 2014). Second, Vpu alters
intracellular protein trafficking, resulting in the sequestration of its cellular targets within
a perinuclear compartment and/or their inability to recycle towards the PM (Figure 1.5).
The exact residues, domains and/or cellular co-factors necessary for this latter mechanism
of Vpu are still being defined, although some critical motifs have emerged. In particular,
residues within the distal cytoplasmic domain of Vpu seem to mediate binding to AP-1
(ELV), which helps sequester and inhibit the recycling of BST-2 towards the PM,
resulting in its accelerated degradation (Jia et al., 2014; Kueck and Neil, 2012). A
conserved APW motif within the C-terminal domain of Vpu regulates CD1d cell surface
downregulation (Béchle et al., 2015). Whether these motifs have any effects on other
recently discovered targets of Vpu awaits further investigation. Moreover, the exact
biological and functional roles that downregulation of recently described Vpu targets (in
particular, tetraspanins, CCR7, and CD62L) has in promoting viral pathogenesis remains
to be determined. Furthermore, another interesting point to consider is the relative

redundancy of both Vpu and Nef to modulate a number of host cell receptors, albeit via

different mechanisms. Given their different expression profiles (Nef as an early gene,
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Vpu as a late gene) and their subcellular locations (Nef on the PM, Vpu within the ER,
Golgi and endosomes), some studies have suggested HIV-1 evolved to utilize these
accessory factors to modulate host vesicular trafficking at all stages of viral replication,
providing the virus with the genetic and functional tools to adapt to an ever-changing
microenvironment (Haller et al., 2014).

Finally, among the four lineages of HIV-1 (M, N, O and P), only HIV-1 Group M
has reached pandemic levels. Using mathematical modeling, Iwami and colleagues
deduced HIV-1 M Vpu conferred a 2.38-fold increase in the prevalence of HIV-1 human-
to-human transmission (Iwami et al., 2015). This activity was lost in the absence of Vpu,
with individuals developing intrinsic herd immunity through the antiviral effects of BST-
2, supporting the notion that BST-2 acts as a restriction factor (Iwami et al., 2015).
Further indirect functional studies in support of this include Vpu alleles from HIV-1-
infected patients maintaining CD4 and BST-2 antagonistic potential (Pickering et al.,
2014). Moreover, Vpus from Groups N, O, and P do not possess the combined abilities to
strongly downregulate CD4, NTB-A, or CD1d as well as efficiently counteract BST-2
(Sauter et al., 2011; Sauter et al., 2009; Sauter et al., 2012; Yang et al., 2011). With the
recent discovery of other cellular targets downmodulated by Vpu, it will be very
interesting to see whether other primate lentiviral Vpus display an inefficient ability to
perform these functions. In any case, a continual understanding of immune evasion
mechanisms mediated by Vpu will undoubtedly help in our understanding of HIV-1

pathogenesis, but perhaps also in the rational design of novel therapeutics.



21

1.8 References

Aiken, C., Konner, J., Landau, N.R., Lenburg, M.E., and Trono, D. (1994). Nef induces
CD4 endocytosis: requirement for a critical dileucine motif in the membrane-proximal
CD4 cytoplasmic domain. Cell 76, 853-864.

Alvarez, R.A., Hamlin, R.E., Monroe, A., Moldt, B., Hotta, M.T., Rodriguez Caprio, G.,
Fierer, D.S., Simon, V., and Chen, B.K. (2014). HIV-1 Vpu Antagonism of Tetherin
Inhibits Antibody-Dependent Cellular Cytotoxic Responses by Natural Killer Cells.
Journal of Virology 88, 6031-6046.

Andrew, A.J., Miyagi, E., Kao, S., and Strebel, K. (2009). The formation of cysteine-
linked dimers of BST-2/tetherin is important for inhibition of HIV-1 virus release but not
for sensitivity to Vpu. Retrovirology 6, 80.

Arias, J.F., Heyer, L.N., von Bredow, B., Weisgrau, K.L., Moldt, B., Burton, D.R.,
Rakasz, E.G., and Evans, D.T. (2014). Tetherin antagonism by Vpu protects HIV-
infected cells from antibody-dependent cell-mediated cytotoxicity. Proceedings of the
National Academy of Sciences /11, 6425-6430.

Béchle, S.M., Sauter, D., Sibitz, S., Sandberg, J.K., Kirchhoff, F., and Moll, M. (2015).
Involvement of a C-terminal motif in the interference of primate lentiviral Vpu proteins
with CD1d-mediated antigen presentation. Scientific Reports 5, 9675.

Bailes, E., Gao, F., Bibollet-Ruche, F., Courgnaud, V., Peeters, M., Marx, P.A., Hahn,
B.H., and Sharp, P.M. (2003). Hybrid origin of SIV in chimpanzees. Science 300, 1713.

Bendelac, A., Savage, P.B., and Teyton, L. (2007). The biology of NKT cells. Annual
Review of Immunology 25, 297-336.

Binette, J., Dubé, M., Mercier, J., Halawani, D., Latterich, M., and Cohen, E.A. (2007).
Requirements for the selective degradation of CD4 receptor molecules by the human

immunodeficiency virus type 1 Vpu protein in the endoplasmic reticulum. Retrovirology
4,75.

Bolduan, S., Hubel, P., Reif, T., Lodermeyer, V., Hohne, K., Fritz, J.V., Sauter, D.,
Kirchhoff, F., Fackler, O.T., Schindler, M., and Schubert, U. (2013). HIV-1 Vpu affects
the anterograde transport and the glycosylation pattern of NTB-A. Virology 440, 190-
203.

Bolduan, S., Reif, T., Schindler, M., and Schubert, U. (2014). HIV-1 Vpu mediated
downregulation of CD155 requires alanine residues 10, 14 and 18 of the transmembrane
domain. Virology 464-465, 375-384.

Bosu, D.R., and Kipreos, E.T. (2008). Cullin-RING ubiquitin ligases: global regulation
and activation cycles. Cell Division 3, 7.



22

Bour, S., Boulerice, F., and Wainberg, M.A. (1991). Inhibition of gpl160 and CD4
maturation in U937 cells after both defective and productive infections by human
immunodeficiency virus type 1. Journal of Virology 65, 6387-6396.

Bour, S., Schubert, U., and Strebel, K. (1995). The human immunodeficiency virus type 1
Vpu protein specifically binds to the cytoplasmic domain of CD4: implications for the
mechanism of degradation. Journal of Virology 69, 1510-1520.

Brigl, M., and Brenner, M.B. (2004). CD1: antigen presentation and T cell function.
Annual Review of Immunology 22, 817-890.

Bryceson, Y.T., March, M.E., Ljunggren, H.G., and Long, E.O. (2006). Activation,
coactivation, and costimulation of resting human natural killer cells. Immunology Review
214,73-91.

Buonocore, L., and Rose, J.K. (1990). Prevention of HIV-1 glycoprotein transport by
soluble CD4 retained in the endoplasmic reticulum. Nature 345, 625-628.

Butticaz, C., Michielin, O., Wyniger, J., Telenti, A., and Rothenberger, S. (2007).
Silencing of both beta-TrCP1 and HOS (beta-TrCP2) is required to suppress human

immunodeficiency virus type 1 Vpu-mediated CD4 down-modulation. Journal of
Virology 81, 1502-1505.

Caillet, M., Janvier, K., Pelchen Matthews, A., Delcroix-Genéte, D., Camus, G., Marsh,
M., and Berlioz-Torrent, C. (2011). Rab7A Is Required for Efficient Production of
Infectious HIV-1. PLoS Pathogens 7, €1002347.

Canagarajah, B.J., Ren, X., Bonifacino, J.S., and Hurley, J.H. (2013). The clathrin
adaptor complexes as a paradigm for membrane-associated allostery. Protein Science 22,
517-529.

Cannons, J.L., Tangye, S.G., and Schwartzberg, P.L. (2011). SLAM family receptors and
SAP adaptors in immunity. Annual Review of Immunology 29, 665-705.

Chaudhuri, R., Lindwasser, O.W., Smith, W.J., Hurley, J.H., and Bonifacino, J.S. (2007).
Downregulation of CD4 by Human Immunodeficiency Virus Type 1 Nef Is Dependent
on Clathrin and Involves Direct Interaction of Nef with the AP2 Clathrin Adaptor.
Journal of Virology 817, 3877-3890.

Chen, N., McCarthy, C., Drakesmith, H., Li, D., Cerundolo, V., McMichael, A.J.,
Screaton, G.R., and Xu, X.N. (2006). HIV-1 down-regulates the expression of CD1d via
Nef. European Journal of Immunology 36, 278-286.

Cho, S., Knox, K.S., Kohli, L.M., He, J.J., Exley, M.A., Wilson, S.B., and Brutkiewicz,
R.R. (2005). Impaired cell surface expression of human CD1d by the formation of an
HIV-1 Nef/CD1d complex. Virology 337, 242-252.



23

Cohen, G.B., Gandhi, R.T., Davis, D.M., Mandelboim, O., Chen, B.K., Strominger, J.L.,
and Baltimore, D. (1999). The selective downregulation of class 1 major
histocompatibility complex proteins by HIV-1 protects HIV-infected cells from NK cells.
Immunity /0, 661-671.

Collins, D.R., and Collins, K.L. (2014). HIV-1 accessory proteins adapt cellular adaptors
to facilitate immune evasion. PLoS Pathogens /0, e1003851.

Collins, K.L., Chen, B.K., Kalams, S.A., Walker, B.D., and Baltimore, D. (1998). HIV-1
Nef protein protects infected primary cells against killing by cytotoxic T lymphocytes.
Nature 391, 397-401.

Crise, B., Buonocore, L., and Rose, J.K. (1990). CD4 is retained in the endoplasmic
reticulum by the human immunodeficiency virus type 1 glycoprotein precursor. Journal
of Virology 64, 5585-5593.

Dougan, S.K., Kaser, A., and Blumberg, R.S. (2007). CD1 expression on antigen-
presenting cells. Current Topics in Microbiology and Immunology 374, 113-141.

Douglas, J.L., Viswanathan, K., McCarroll, M.N., Gustin, J.K., Fruh, K., and Moses,
A.V. (2009). Vpu Directs the Degradation of the Human Immunodeficiency Virus

Restriction Factor BST-2/Tetherin via a BTrCP-Dependent Mechanism. Journal of
Virology 83, 7931-7947.

Dubé¢, M., Bhusan Roy, B., Guiot-Guillain, P., Binette, J., Mercier, J., Chiasson, A., and
Cohen, E.A. (2010). Antagonism of Tetherin Restriction of HIV-1 Release by Vpu
Involves Binding and Sequestration of the Restriction Factor in a Perinuclear
Compartment. PLoS Pathogens 6, e1000856.

Dube, M., Paquay, C., Roy, B.B., Bego, M.G., Mercier, J., and Cohen, E.A. (2011). HIV-
1 Vpu antagonizes BST-2 by interfering mainly with the trafficking of newly synthesized
BST-2 to the cell surface. Traffic /2, 1714-1729.

Dube, M., Roy, B.B., Guiot-Guillain, P., Mercier, J., Binette, J., Leung, G., and Cohen,
E.A.  (2009). Suppression of Tetherin-Restricting  Activity upon Human
Immunodeficiency Virus Type 1 Particle Release Correlates with Localization of Vpu in
the trans-Golgi Network. Journal of Virology 83, 4574-4590.

Federau, T., Schubert, U., Flossdorf, J., Henklein, P., Schomburg, D., and Wray, V.
(1996). Solution structure of the cytoplasmic domain of the human immunodeficiency

virus type 1 encoded virus protein U (Vpu). International Journal of Peptide and Protein
Research 47, 297-310.

Fogli, M., Mavilio, D., Brunetta, E., Varchetta, S., Ata, K., Roby, G., Kovacs, C.,
Follmann, D., Pende, D., Ward, J., Barker, E., Marcenaro, E., Moretta, A., and Fauci,
A.S. (2008). Lysis of endogenously infected CD4+ T cell blasts by rIL-2 activated



24

autologous natural killer cells from HIV-infected viremic individuals. PLoS Pathogens 4,
e1000101.

Forster, R., Davalos-Misslitz, A.C., and Rot, A. (2008). CCR7 and its ligands: balancing
immunity and tolerance. Nature Review Immunology 8, 362-371.

Gao, F., Bailes, E., Robertson, D.L., Chen, Y., Rodenburg, C.M., Michael, S.F,,
Cummins, L.B., Arthur, L.O., Peeters, M., Shaw, G.M., Sharp, P.M., and Hahn, B.H.
(1999). Origin of HIV-1 in the chimpanzee Pan troglodytes troglodytes. Nature 397, 436-
441.

Geraghty, R.J., Talbot, K.J., Callahan, M., Harper, W., and Panganiban, A.T. (1994). Cell
type-dependence for Vpu function. Journal of Medical Primatology 23, 146-150.

Godfrey, D.I., and Kronenberg, M. (2004). Going both ways: immune regulation via
CD1d-dependent NKT cells. Journal of Clinical Investigation /74, 1379-1388.

Goffinet, C., Homann, S., Ambiel, 1., Tibroni, N., Rupp, D., Keppler, O.T., and Fackler,
O.T. (2010). Antagonism of CD317 Restriction of Human Immunodeficiency Virus Type
1 (HIV-1) Particle Release and Depletion of CD317 Are Separable Activities of HIV-1
Vpu. Journal of Virology 84, 4089-4094.

Goto, T., Kennel, S.J., Abe, M., Takishita, M., Kosaka, M., Solomon, A., and Saito, S.
(1994). A novel membrane antigen selectively expressed on terminally differentiated
human B cells. Blood 84, 1922-1930.

Gupta, R.K., Mlcochova, P., Pelchen-Matthews, A., Petit, S.J., Mattiuzzo, G., Pillay, D.,
Takeuchi, Y., Marsh, M., and Towers, G.J. (2009). Simian immunodeficiency virus
envelope glycoprotein counteracts tetherin/BST-2/CD317 by intracellular sequestration.
Proceedings of the National Academy of Sciences /06, 20889-20894.

Haas, A.L., and Rose, I.A. (1982). The mechanism of ubiquitin activating enzyme. A
kinetic and equilibrium analysis. Journal of Biological Chemistry 257, 10329-10337.

Habermann, A., Krijnse-Locker, J., Oberwinkler, H., Eckhardt, M., Homann, S., Andrew,
A., Strebel, K., and Krausslich, H.G. (2010). CD317/tetherin is enriched in the HIV-1
envelope and downregulated from the plasma membrane upon virus infection. Journal of
Virology 84, 4646-4658.

Hahn, B.H., Shaw, G.M., De Cock, K.M., and Sharp, P.M. (2000). AIDS as a zoonosis:
scientific and public health implications. Science 287, 607-614.

Haller, C., Miiller, B., Fritz, J.V., Lamas-Murua, M., Stolp, B., Pujol, F.M., Keppler,
O.T., and Fackler, O.T. (2014). HIV-1 Nef and Vpu are functionally redundant broad-

spectrum modulators of cell surface receptors, including tetraspanins. Journal of Virology
88, 14241-14257.



25

Harris, R.S., Bishop, K.N., Sheehy, A.M., Craig, H.M., Petersen-Mabhrt, S.K., Watt, L.N.,
Neuberger, M.S., and Malim, M.H. (2003). DNA deamination mediates innate immunity
to retroviral infection. Cell 773, 803-809.

Hauser, H., Lopez, L.A., Yang, S.J., Oldenburg, J.E., Exline, C.M., Guatelli, J.C., and
Cannon, P.M. (2010). HIV-1 Vpu and HIV-2 Env counteract BST-2/tetherin by
sequestration in a perinuclear compartment. Retrovirology 7, 51.

Hemler, M.E. (2005). Tetraspanin functions and associated microdomains. Nature
Reviews Molecular Cell Biology 6, 801-811.

Henklein, P., Schubert, U., Kunert, O., Klabunde, S., Wray, V., Kloppel, K.D., Kiess, M.,
Portsmann, T., and Schomburg, D. (1993). Synthesis and characterization of the
hydrophilic C-terminal domain of the human immunodeficiency virus type 1-encoded
virus protein U (Vpu). Peptide Research 6, 79-87.

Hinz, A., Miguet, N., Natrajan, G., Usami, Y., Yamanaka, H., Renesto, P., Hartlieb, B.,
McCarthy, A.A., Simorre, J.P., Gottlinger, H., and Weissenhorn, W. (2010). Structural
basis of HIV-1 tethering to membranes by the BST-2/tetherin ectodomain. Cell Host &
Microbe 7, 314-323.

Hogue, 1.B., Grover, J.R., Soheilian, F., Nagashima, K., and Ono, A. (2011). Gag induces
the coalescence of clustered lipid rafts and tetraspanin-enriched microdomains at HIV-1
assembly sites on the plasma membrane. Journal of Virology 85, 9749-9766.

Hrecka, K., Hao, C., Gierszewska, M., Swanson, S.K., Kesik-Brodacka, M., Srivastava,
S., Florens, L., Washburn, M.P., and Skowronski, J. (2011). Vpx relieves inhibition of
HIV-1 infection of macrophages mediated by the SAMHD]1 protein. Nature 474, 658-
661.

Iwabu, Y., Fujita, H., Kinomoto, M., Kaneko, K., Ishizaka, Y., Tanaka, Y., Sata, T., and
Tokunaga, K. (2009). HIV-1 Accessory Protein Vpu Internalizes Cell-surface BST-

2/Tetherin through Transmembrane Interactions Leading to Lysosomes. Journal of
Biological Chemistry 284, 35060-35072.

Iwami, S., Sato, K., Morita, S., Inaba, H., Kobayashi, T., Takeuchi, J.S., Kimura, Y.,
Misawa, N., Ren, F., Iwasa, Y., Aihara, K., and Koyanagi, Y. (2015). Pandemic HIV-1
Vpu overcomes intrinsic herd immunity mediated by tetherin. Scientific Reports 3,
12256.

Jabbar, M.A., and Nayak, D.P. (1990). Intracellular interaction of human
immunodeficiency virus type 1 (ARV-2) envelope glycoprotein gp160 with CD4 blocks

the movement and maturation of CD4 to the plasma membrane. Journal of Virology 64,
6297-6304.

Janvier, K., Pelchen Matthews, A., Renaud, J.-B., Caillet, M., Marsh, M., and Berlioz-



26

Torrent, C. (2011). The ESCRT-0 Component HRS is Required for HIV-1 Vpu-Mediated
BST-2/Tetherin Down-Regulation. PLoS Pathogens 7, e1001265.

Jia, B., Serra-Moreno, R., Neidermyer, W., Rahmberg, A., Mackey, J., Fofana, 1.B.,
Johnson, W.E., Westmoreland, S., and Evans, D.T. (2009). Species-Specific Activity of
SIV Nef and HIV-1 Vpu in Overcoming Restriction by Tetherin/BST2. PLoS Pathogens
5,1000429.

Jia, X., Weber, E., Tokarev, A., Lewinski, M., Rizk, M., Suarez, M., Guatelli, J., and
Xiong, Y. (2014). Structural basis of HIV-1 Vpu-mediated BST2 antagonism via
hijacking of the clathrin adaptor protein complex 1. Elife 3, €02362.

Khan, A.L., and Kubes, P. (2003). L-selectin: an emerging player in chemokine function.
Microcirculation /0, 351-358.

Kirchhoff, F. (2010). Immune Evasion and Counteraction of Restriction Factors by HIV-
1 and Other Primate Lentiviruses. Cell Host and Microbe 8, 55-67.

Klimkait, T., Strebel, K., Hoggan, M.D., Martin, M.A., and Orenstein, J.M. (1990). The
human immunodeficiency virus type 1-specific protein vpu is required for efficient virus
maturation and release. Journal of Virology 64, 621-629.

Kobayashi, T., Ode, H., Yoshida, T., Sato, K., Gee, P., Yamamoto, S.P., Ebina, H.,
Strebel, K., Sato, H., and Koyanagi, Y. (2011). Identification of amino acids in the
human tetherin transmembrane domain responsible for HIV-1 Vpu interaction and
susceptibility. Journal of Virology 83, 932-945.

Kochendoerfer, G.G., Jones, D.H., Lee, S., Oblatt-Montal, M., Opella, S.J., and Montal,
M. (2004). Functional characterization and NMR spectroscopy on full-length Vpu from
HIV-1 prepared by total chemical synthesis. Journal of the American Chemical Society
126, 2439-2446.

Krementsov, D.N., Rassam, P., Margeat, E., Roy, N.H., Schneider-Schaulies, J., Milhiet,
P.E., and Thali, M. (2010). HIV-1 assembly differentially alters dynamics and
partitioning of tetraspanins and raft components. Traffic /7, 1401-1414.

Krementsov, D.N., Weng, J., Lambele, M., Roy, N.H., and Thali, M. (2009).
Tetraspanins regulate cell-to-cell transmission of HIV-1. Retrovirology 6, 64.

Kueck, T., and Neil, S.J.D. (2012). A Cytoplasmic Tail Determinant in HIV-1 Vpu
Mediates Targeting of Tetherin for Endosomal Degradation and Counteracts Interferon-
Induced Restriction. PLoS Pathogens 8, ¢1002609.

Kupzig, S., Korolchuk, V., Rollason, R., Sugden, A., Wilde, A., and Banting, G. (2003).
Bst-2/HM1.24 is a raft-associated apical membrane protein with an unusual topology.
Traffic 4, 694-709.



27

Laguette, N., Sobhian, B., Casartelli, N., Ringeard, M., Chable-Bessia, C., Segeral, E.,
Yatim, A., Emiliani, S., Schwartz, O., and Benkirane, M. (2011). SAMHDI is the
dendritic- and myeloid-cell-specific HIV-1 restriction factor counteracted by Vpx. Nature
474, 654-657.

Lahouassa, H., Daddacha, W., Hofmann, H., Ayinde, D., Logue, E.C., Dragin, L., Bloch,
N., Maudet, C., Bertrand, M., Gramberg, T., Pancino, G., Priet, S., Canard, B., Laguette,
N., Benkirane, M., Transy, C., Landau, N.R., Kim, B., and Margottin-Goguet, F. (2012).
SAMHDI restricts the replication of human immunodeficiency virus type 1 by depleting
the intracellular pool of deoxynucleoside triphosphates. Nature Immunology /3, 223-228.

Lambele, M., Koppensteiner, H., Symeonides, M., Roy, N.H., Chan, J., Schindler, M.,
and Thali, M. (2015). Vpu is the main determinant for tetraspanin downregulation in
HIV-1-infected cells. Journal of Virology 89, 3247-3255.

Lau, D., Kwan, W., and Guatelli, J. (2011). Role of the Endocytic Pathway in the
Counteraction of BST-2 by Human Lentiviral Pathogens. Journal of Virology 85, 9834-
9846.

Le Tortorec, A., and Neil, S.J. (2009). Antagonism to and intracellular sequestration of
human tetherin by the human immunodeficiency virus type 2 envelope glycoprotein.
Journal of Virology 83, 11966-11978.

Legler, D.F., Uetz-von Allmen, E., and Hauser, M.A. (2014). CCR7: roles in cancer cell
dissemination, migration and metastasis formation. The International Journal of
Biochemistry and Cell Biology 54, 78-82.

Lenburg, M.E., and Landau, N.R. (1993). Vpu-induced degradation of CD4: requirement
for specific amino acid residues in the cytoplasmic domain of CD4. Journal of Virology
67, 7238-7245.

Lopez, L.A., Yang, S.J., Exline, C.M., Rengarajan, S., Haworth, K.G., and Cannon, P.M.
(2012). Anti-Tetherin Activities of HIV-1 Vpu and Ebola Virus Glycoprotein Do Not
Involve Removal of Tetherin from Lipid Rafts. Journal of Virology 86, 5467-5480.

Magadan, J.G., and Bonifacino, J.S. (2012). Transmembrane domain determinants of
CD4 Downregulation by HIV-1 Vpu. Journal of Virology 86, 757-772.

Magadan, J.G., Pérez-Victoria, F.J., Sougrat, R., Ye, Y., Strebel, K., and Bonifacino, J.S.
(2010). Multilayered Mechanism of CD4 Downregulation by HIV-1 Vpu Involving
Distinct ER Retention and ERAD Targeting Steps. PLoS Pathogens 6, e1000869.

Mahon, C., Krogan, N.J., Craik, C.S., and Pick, E. (2014). Cullin E3 ligases and their
rewiring by viral factors. Biomolecules 4, 897-930.

Maldarelli, F., Chen, M.Y. Willey, R.L., and Strebel, K. (1993). Human



28

immunodeficiency virus type 1 Vpu protein is an oligomeric type I integral membrane
protein. Journal of Virology 67, 5056-5061.

Malim, M.H., and Emerman, M. (2008). HIV-1 accessory proteins--ensuring viral
survival in a hostile environment. Cell Host and Microbe 3, 388-398.

Mangeat, B., Turelli, P., Caron, G., Friedli, M., Perrin, L., and Trono, D. (2003). Broad
antiretroviral defence by human APOBEC3G through lethal editing of nascent reverse
transcripts. Nature 424, 99-103.

Margottin, F., Benichou, S., Durand, H., Richard, V., Liu, L.X., Gomas, E., and
Benarous, R. (1996). Interaction between the cytoplasmic domains of HIV-1 Vpu and
CD4: role of Vpu residues involved in CD4 interaction and in vitro CD4 degradation.
Virology 223, 381-386.

Margottin, F., Bour, S.P., Durand, H., Selig, L., Benichou, S., Richard, V., Thomas, D.,
Strebel, K., and Benarous, R. (1998). A novel human WD protein, h-beta TrCp, that
interacts with HIV-1 Vpu connects CD4 to the ER degradation pathway through an F-box
motif. Molecular Cell 1, 565-574.

Masuyama, N., Kuronita, T., Tanaka, R., Muto, T., Hirota, Y., Takigawa, A., Fujita, H.,
Aso, Y., Amano, J., and Tanaka, Y. (2009). HM1.24 is internalized from lipid rafts by
clathrin-mediated endocytosis through interaction with alpha-adaptin. Journal of
Biological Chemistry 284, 15927-15941.

Matusali, G., Potesta, M., Santoni, A., Cerboni, C., and Doria, M. (2012). The Human
Immunodeficiency Virus Type 1 Nef and Vpu Proteins Downregulate the Natural Killer
Cell-Activating Ligand PVR. Journal of Virology 86, 4496-4504.

McNatt, M.W., Zang, T., and Bieniasz, P.D. (2013). Vpu binds directly to tetherin and
displaces it from nascent virions. PLoS Pathogens 9, €1003299.

Mitchell, R.S., Katsura, C., Skasko, M.A., Fitzpatrick, K., Lau, D., Ruiz, A., Stephens,
E.B., Margottin-Goguet, F., Benarous, R., and Guatelli, J.C. (2009). Vpu Antagonizes
BST-2-Mediated Restriction of HIV-1 Release via [ -TrCP and Endo-Lysosomal
Trafficking. PLoS Pathogens 5, €1000450.

Moll, M., Andersson, S.K., Smed-Sorensen, A., and Sandberg, J.K. (2010). Inhibition of
lipid antigen presentation in dendritic cells by HIV-1 Vpu interference with CD1d
recycling from endosomal compartments. Blood 776, 1876-1884.

Moody, D.B. (2006). The surprising diversity of lipid antigens for CD1-restricted T cells.
Advances in Immunology &89, 87-139.

Neil, S.J. (2013). The antiviral activities of tetherin. Current Topics in Microbiology and
Immunology 371, 67-104.



29

Neil, S.J.D., Sandrin, V., Sundquist, W.I., and Bieniasz, P.D. (2007). An Interferon- « -
Induced Tethering Mechanism Inhibits HIV-1 and Ebola Virus Particle Release but Is
Counteracted by the HIV-1 Vpu Protein. Cell Host and Microbe 2, 193-203.

Neil, S.J.D., Zang, T., and Bieniasz, P.D. (2008). Tetherin inhibits retrovirus release and
is antagonized by HIV-1 Vpu. Nature 451, 425-430.

Ohtomo, T., Sugamata, Y., Ozaki, Y., Ono, K., Yoshimura, Y., Kawai, S., Koishihara,
Y., Ozaki, S., Kosaka, M., Hirano, T., and Tsuchiya, M. (1999). Molecular cloning and
characterization of a surface antigen preferentially overexpressed on multiple myeloma
cells. Biochemical and Biophysical Research Communications 258, 583-591.

Pandrea, 1., Sodora, D.L., Silvestri, G., and Apetrei, C. (2008). Into the wild: simian
immunodeficiency virus (SIV) infection in natural hosts. Trends in Immunology 29, 419-
428.

Perez-Caballero, D., Zang, T., Ebrahimi, A., McNatt, M.W., Gregory, D.A., Johnson,
M.C., and Bieniasz, P.D. (2009). Tetherin Inhibits HIV-1 Release by Directly Tethering
Virions to Cells. Cell /39, 499-511.

Petroski, M.D., and Deshaies, R.J. (2005). Function and regulation of cullin-RING
ubiquitin ligases. Nature Reviews Molecular Cell Biology 6, 9-20.

Pickering, S., Hué, S., Kim, E.-Y., Reddy, S., Wolinsky, S.M., and Neil, S.J.D. (2014).
Preservation of Tetherin and CD4 Counter-Activities in Circulating Vpu Alleles despite
Extensive Sequence Variation within HIV-1 Infected Individuals. PLoS Pathogens /0,
e1003895.

Pierce, N.-W., Lee, J.E., Liu, X., Sweredoski, M.J., Graham, R.L., Larimore, E.A., Rome,
M., Zheng, N., Clurman, B.E., Hess, S., Shan, S.0O., and Deshaies, R.J. (2013). Candl
promotes assembly of new SCF complexes through dynamic exchange of F box proteins.
Cell 153,206-215.

Plantier, J.-C., Leoz, M., Dickerson, J.E., De Oliveira, F., Cordonnier, F., Lemée, V.,
Damond, F., Robertson, D.L., and Simon, F. (2009). A new human immunodeficiency
virus derived from gorillas. Nature Medicine /5, 871-872.

Rabut, G., and Peter, M. (2008). Function and regulation of protein neddylation. ‘Protein
Modifications: Beyond the Usual Suspects’ Review Series. EMBO Reports 9, 969-976.

Ramirez, P.W., DePaula-Silva, A.B., Szaniawski, M., Barker, E., Bosque, A., and
Planelles, V. (2015). HIV-1 Vpu utilizes both cullin-RING ligase (CRL) dependent and
independent mechanisms to downmodulate host proteins. Retrovirology 12, 1-12.

Ramirez, P.W., Famiglietti, M., Sowrirajan, B., DePaula-Silva, A.B., Rodesch, C.,
Barker, E., Bosque, A., and Planelles, V. (2014). Downmodulation of CCR7 by HIV-1



30

Vpu Results in Impaired Migration and Chemotactic Signaling within CD4+ T Cells. Cell
Reports 7, 2019-2030.

Rhee, S.S., and Marsh, J.W. (1994). Human immunodeficiency virus type 1 Nef-induced
down-modulation of CD4 is due to rapid internalization and degradation of surface CD4.
Journal of Virology 68, 5156-5163.

Rollason, R., Korolchuk, V., Hamilton, C., Schu, P., and Banting, G. (2007). Clathrin-
mediated endocytosis of a lipid-raft-associated protein is mediated through a dual
tyrosine motif. Journal of Cell Science 720, 3850-3858.

Roy, N., Pacini, G., Berlioz-Torrent, C., and Janvier, K. (2014). Mechanisms underlying
HIV-1 Vpu-mediated viral egress. Frontiers in Microbiology 3, 1-8.

Sakai, H., Tokunaga, K., Kawamura, M., and Adachi, A. (1995). Function of human
immunodeficiency virus type 1 Vpu protein in various cell types. Journal of General
Virology 76 (Pt 11),2717-2722.

Sandberg, J.K., Andersson, S.K., Bachle, S.M., Nixon, D.F., and Moll, M. (2012). HIV-1
Vpu interference with innate cell-mediated immune mechanisms. Current HIV Research
10,327-333.

Sato, K., Aoki, J., Misawa, N., Daikoku, E., Sano, K., Tanaka, Y., and Koyanagi, Y.
(2008). Modulation of human immunodeficiency virus type 1 infectivity through
incorporation of tetraspanin proteins. Journal of Virology 82, 1021-1033.

Sauter, D., Hué, S., Petit, S.J., Plantier, J.-C., Towers, G.J., Kirchhoff, F., and Gupta,
R.K. (2011). HIV-1 Group P is unable to antagonize human tetherin by Vpu, Env or Nef.
Retrovirology &, 103.

Sauter, D., Schindler, M., Specht, A., Landford, W.N., MUnch, J., Kim, K.-A., Votteler,
J., Schubert, U., Bibollet-Ruche, F., Keele, B.F., Takehisa, J., Ogando, Y., Ochsenbauer,
C., Kappes, J.C., Ayouba, A., Peeters, M., Learn, G.H., Shaw, G., Sharp, P.M., Bieniasz,
P., Hahn, B.H., Hatziioannou, T., and Kirchhoff, F. (2009). Tetherin-Driven Adaptation
of Vpu and Nef Function and the Evolution of Pandemic and Nonpandemic HIV-1
Strains. Cell Host and Microbe 6, 409-421.

Sauter, D., Unterweger, D., Vogl, M., Usmani, S.M., Heigele, A., Kluge, S.F., Hermkes,
E., Moll, M., Barker, E., Peeters, M., Learn, G.H., Bibollet-Ruche, F., Fritz, J.V., Fackler,
O.T., Hahn, B.H., and Kirchhoff, F. (2012). Human Tetherin Exerts Strong Selection
Pressure on the HIV-1 Group N Vpu Protein. PLoS Pathogens 8, e1003093.

Schmaler, T., and Dubiel, W. (2010). Control of Deneddylation by the COP9
Signalosome. Subcellular Biochemistry 54, 57-68.

Schmidt, S., Fritz, J.V., Bitzegeio, J., Fackler, O.T., and Keppler, O.T. (2011). HIV-1



31

Vpu blocks recycling and biosynthetic transport of the intrinsic immunity factor
CD317/tetherin to overcome the virion release restriction. MBio 2, e00036-00011.

Schubert, H.L., Zhai, Q., Sandrin, V., Eckert, D.M., Garcia-Maya, M., Saul, L.,
Sundquist, W.I., Steiner, R.A., and Hill, C.P. (2010). Structural and functional studies on
the extracellular domain of BST2/tetherin in reduced and oxidized conformations.
Proceedings to the National Academy of Sciences /07, 17951-17956.

Schubert, U., Bour, S., Ferrer-Montiel, A.V., Montal, M., Maldarell, F., and Strebel, K.
(1996). The two biological activities of human immunodeficiency virus type 1 Vpu
protein involve two separable structural domains. Journal of Virology 70, 809-819.

Schubert, U., Henklein, P., Boldyreff, B., Wingender, E., Strebel, K., and Porstmann, T.
(1994). The human immunodeficiency virus type 1 encoded Vpu protein is
phosphorylated by casein kinase-2 (CK-2) at positions Ser52 and Ser56 within a
predicted alpha-helix-turn-alpha-helix-motif. Journal of Molecular Biology 236, 16-25.

Schwartz, O., Marechal, V., Le Gall, S., Lemonnier, F., and Heard, J.M. (1996).
Endocytosis of major histocompatibility complex class I molecules is induced by the
HIV-1 Nef protein. Nature Medicine 2, 338-342.

Schwartz, S., Felber, B.K., Fenyo, E.M., and Pavlakis, G.N. (1990). Env and Vpu
proteins of human immunodeficiency virus type 1 are produced from multiple bicistronic
mRNAs. Journal of Virology 64, 5448-5456.

Serra-Moreno, R., Jia, B., Breed, M., Alvarez, X., and Evans, D.T. (2011). Compensatory
changes in the cytoplasmic tail of gp4l confer resistance to tetherin/BST-2 in a
pathogenic nef-deleted SIV. Cell Host & Microbe 9, 46-57.

Shah, A.H., Sowrirajan, B., Davis, Z.B., Ward, J.P., Campbell, E.M., Planelles, V., and
Barker, E. (2010). Degranulation of Natural Killer Cells Following Interaction with HIV-
I-Infected Cells Is Hindered by Downmodulation of NTB-A by Vpu. Cell Host and
Microbe 8, 397-409.

Sharp, P.M., and Hahn, B.H. (2010). The evolution of HIV-1 and the origin of AIDS.
Philosophical Transactions of the Royal Society of London Series B, Biological Sciences
365, 2487-2494.

Sheehy, A.M., Gaddis, N.C., Choi, J.D., and Malim, M.H. (2002). Isolation of a human
gene that inhibits HIV-1 infection and is suppressed by the viral Vif protein. Nature 478,
646-650.

Singh, S.K., Mockel, L., Thiagarajan-Rosenkranz, P., Wittlich, M., Willbold, D., and
Koenig, B.W. (2012). Mapping the interaction between the cytoplasmic domains of HIV-
1 viral protein U and human CD4 with NMR spectroscopy. The FEBS Journal 279, 3705-
3714.



32

Skaar, J.R., Pagan, J.K., and Pagano, M. (2013). Mechanisms and function of substrate
recruitment by F-box proteins. Nature Reviews Molecular Cell Biology 74, 369-381.

Skasko, M., Wang, Y., Tian, Y., Tokarev, A., Munguia, J., Ruiz, A., Stephens, E.B.,
Opella, S.J., and Guatelli, J. (2011). HIV-1 Vpu Protein Antagonizes Innate Restriction
Factor BST-2 via Lipid-embedded Helix-Helix Interactions. Journal of Biological
Chemistry 287, 58-67.

Soucy, T.A., Smith, P.G., and Rolfe, M. (2009). Targeting NEDDS8-activated cullin-
RING ligases for the treatment of cancer. Clinical Cancer Research 75, 3912-3916.

Sowrirajan, B., and Barker, E. (2011). The natural killer cell cytotoxic function is
modulated by HIV-1 accessory proteins. Viruses 3, 1091-1111.

Strebel, K., Klimkait, T., and Martin, M.A. (1988). A novel gene of HIV-1, vpu, and its
16-kilodalton product. Science 241, 1221-1223.

Symeonides, M., Lambele, M., Roy, N.H., and Thali, M. (2014). Evidence showing that
tetraspanins inhibit HIV-1-induced cell-cell fusion at a post-hemifusion stage. Viruses 6,
1078-1090.

Tervo, H.-M., Homann, S., Ambiel, 1., Fritz, J.V., Fackler, O.T., and Keppler, O.T.
(2011). B -TrCP is dispensable for Vpu's ability to overcome the CD317/Tetherin-
imposed restriction to HIV-1 release. Retrovirology 8, 9.

Thali, M. (2011). Tetraspanin functions during HIV-1 and influenza virus replication.
Biochemical Society Transactions 39, 529-531.

Tiganos, E., Friborg, J., Allain, B., Daniel, N.G., Yao, X.J., and Cohen, E.A. (1998).
Structural and functional analysis of the membrane-spanning domain of the human
immunodeficiency virus type 1 Vpu protein. Virology 2517, 96-107.

Trinite, B., Chan, C.N., Lee, C.S., Mahajan, S., Luo, Y., Muesing, M.A., Folkvord, J.M.,
Pham, M., Connick, E., and Levy, D.N. (2014). Suppression of Foxol activity and down-
modulation of CD62L (L-selectin) in HIV-1 infected resting CD4 T cells. PLoS One 9,
el110719.

Tron, A.E., Arai, T., Duda, D.M., Kuwabara, H., Olszewski, J.L., Fujiwara, Y.,
Bahamon, B.N., Signoretti, S., Schulman, B.A., and DeCaprio, J.A. (2012). The
glomuvenous malformation protein Glomulin binds Rbx1 and regulates cullin RING
ligase-mediated turnover of Fbw7. Molecular Cell 46, 67-78.

Van Damme, N., Goff, D., Katsura, C., Jorgenson, R.L., Mitchell, R., Johnson, M.C.,
Stephens, E.B., and Guatelli, J. (2008). The Interferon-Induced Protein BST-2 Restricts
HIV-1 Release and Is Downregulated from the Cell Surface by the Viral Vpu Protein.
Cell Host and Microbe 3, 245-252.



33

Vassena, L., Giuliani, E., Koppensteiner, H., Bolduan, S., Schindler, M., and Doria, M.
(2015). HIV-1 Nef and Vpu Interfere with L-Selectin (CD62L) Cell Surface Expression
To Inhibit Adhesion and Signaling in Infected CD4+ T Lymphocytes. Journal of
Virology 89, 5687-5700.

Venkatesh, S., and Bieniasz, P.D. (2013). Mechanism of HIV-1 virion entrapment by
tetherin. PLoS Pathogens 9, €1003483.

Vigan, R., and Neil, S.J.D. (2010). Determinants of Tetherin Antagonism in the
Transmembrane Domain of the Human Immunodeficiency Virus Type 1 Vpu Protein.
Journal of Virology 84, 12958-12970.

Vincent, M.J., Raja, N.U., and Jabbar, M.A. (1993). Human immunodeficiency virus type
1 Vpu protein induces degradation of chimeric envelope glycoproteins bearing the
cytoplasmic and anchor domains of CD4: role of the cytoplasmic domain in Vpu-induced
degradation in the endoplasmic reticulum. Journal of Virology 67, 5538-5549.

Ward, J., Bonaparte, M., Sacks, J., Guterman, J., Fogli, M., Mavilio, D., and Barker, E.
(2007). HIV modulates the expression of ligands important in triggering natural killer cell
cytotoxic responses on infected primary T-cell blasts. Blood 770, 1207-1214.

Ward, J., Davis, Z., DeHart, J., Zimmerman, E., Bosque, A., Brunetta, E., Mavilio, D.,
Planelles, V., and Barker, E. (2009). HIV-1 Vpr Triggers Natural Killer Cell-Mediated
Lysis of Infected Cells through Activation of the ATR-Mediated DNA Damage
Response. PLoS Pathogens 5, e1000613.

Weng, J., Krementsov, D.N., Khurana, S., Roy, N.H., and Thali, M. (2009). Formation of
syncytia is repressed by tetraspanins in human immunodeficiency virus type 1-producing
cells. Journal of Virology 83, 7467-7474.

Wildum, S., Schindler, M., MUnch, J., and Kirchhoff, F. (2006). Contribution of Vpu,
Env, and Nef to CD4 down-modulation and resistance of human immunodeficiency virus
type 1-infected T cells to superinfection. Journal of Virology 80, 8047-8059.

Willey, R.L., Maldarelli, F., Martin, M.A., and Strebel, K. (1992a). Human
immunodeficiency virus type 1 Vpu protein induces rapid degradation of CD4. Journal of
Virology 66, 7193-7200.

Willey, R.L., Maldarelli, F., Martin, M.A., and Strebel, K. (1992b). Human
immunodeficiency virus type 1 Vpu protein regulates the formation of intracellular
gp160-CD4 complexes. Journal of Virology 66, 226-234.

Wittlich, M., Koenig, B.W., Stoldt, M., Schmidt, H., and Willbold, D. (2009). NMR
structural characterization of HIV-1 virus protein U cytoplasmic domain in the presence
of dodecylphosphatidylcholine micelles. The FEBS Journal 276, 6560-6575.



34

Wray, V., Federau, T., Henklein, P., Klabunde, S., Kunert, O., Schomburg, D., and
Schubert, U. (1995). Solution structure of the hydrophilic region of HIV-1 encoded virus

protein U (Vpu) by CD and 1H NMR spectroscopy. International Journal of Peptide and
Protein Research 45, 35-43.

Yanez-Mo, M., Barreiro, O., Gordon-Alonso, M., Sala-Valdes, M., and Sanchez-Madrid,
F. (2009). Tetraspanin-enriched microdomains: a functional unit in cell plasma
membranes. Trends in Cell Biology 79, 434-446.

Yang, S.J., Lopez, L.A., Exline, C.M., Haworth, K.G., and Cannon, P.M. (2011). Lack of
adaptation to human tetherin in HIV-1 Group O and P. Retrovirology &, 78.

Yao, X.J., Friborg, J., Checroune, F., Gratton, S., Boisvert, F., Sekaly, R.P., and Cohen,
E.A. (1995). Degradation of CD4 induced by human immunodeficiency virus type 1 Vpu
protein: a predicted alpha-helix structure in the proximal cytoplasmic region of CD4
contributes to Vpu sensitivity. Virology 209, 615-623.

Yu, X. (2003). Induction of APOBEC3G Ubiquitination and Degradation by an HIV-1
Vif-Cul5-SCF Complex. Science 302, 1056-1060.

Zhang, F., Wilson, S.J., Landford, W.C., Virgen, B., Gregory, D., Johnson, M.C.,
MUnch, J., Kirchhoff, F., Bieniasz, P.D., and Hatziioannou, T. (2009). Nef Proteins from
Simian Immunodeficiency Viruses Are Tetherin Antagonists. Cell Host and Microbe 6,
54-67.

Zhang, H., Yang, B., Pomerantz, R.J., Zhang, C., Arunachalam, S.C., and Gao, L. (2003).
The cytidine deaminase CEM15 induces hypermutation in newly synthesized HIV-1
DNA. Nature 424, 94-98.

Zheng, J., Yang, X., Harrell, J.M., Ryzhikov, S., Shim, E.H., Lykke-Andersen, K., Wei,
N., Sun, H., Kobayashi, R., and Zhang, H. (2002). CAND1 binds to unneddylated CUL1
and regulates the formation of SCF ubiquitin E3 ligase complex. Mol Cell /0, 1519-1526.
Zheng, S., Strzalka, J., Jones, D.H., Opella, S.J., and Blasie, J.K. (2003). Comparative
structural studies of Vpu peptides in phospholipid monolayers by x-ray scattering.
Biophysical Journal 84, 2393-2415.



35

Figure 1.1 Manipulation of Cullin-RING Ligases (CRLs) by HIV accessory proteins.
A-C.) Cullins are modular scaffold proteins. They are comprised of an Rbx protein at
their C-terminus and different adaptor molecules and substrate receptors at their N-
terminus. Binding of Nedd8 (neddylation) induces a conformational change within CRL-
complexes, activating them to properly facilitate the transfer of ubiquitin onto substrate
molecules. D-F.) The HIV accessory proteins Vpu, Vpx, and Vif act as viral adaptors to
utilize CRL-machinery for the degradation of host immune factors. Figure adapted from
Mabhon et al., 2014. A3G: APOBEC3G.
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Figure 1.2: Schematic representation of HIV-1 Vpu

Vpu is an 81-amino-acid Type 1 integral membrane protein. Residues 4-27 encompass a
membrane anchor region (transmembrane domain). The cytoplasmic portion includes two
a-helices, which are separated by a highly conserved region that includes two
constitutively phosphorylated serine residues. Vpu localizes to the ER, TGN and
endosomal compartments. Modified from Dube et al., 2010.
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Figure 1.3: Antagonism of CD4 by HIV-1 Nef and Vpu.

A.) Nef increases the internalization rate of CD4 molecules on the PM in an AP-2-
dependent manner. This results in CD4 / Nef complexes within early endosomes and
eventual CD4 lysosomal degradation. B.) Vpu interacts with CD4 within the ER and
induces CD4 ubiquitination through recruitment of an SCFPTP E3 ubiquitin ligase
complex. The ERAD machinery subsequently dissociates CD4 from the ER (and Vpu),
leading to its degradation via the 26S proteasome. PM: plasma membrane; AP-2:
adaptor-protein complex 2; ER: endoplasmic reticulum; ERAD: ER-associated
degradation.
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Figure 1.4: Vpu-mediated counteraction of BST-2.

BST-2 is a cell-type-specific, Type I IFN-inducible protein that tethers all enveloped
viruses (including HIV-1) to the cell surface to inhibit viral egress and promote antibody-
dependent cell-mediated cytotoxicity (ADCC). BST-2 normally recycles between early
endosomes, the TGN and the PM. A fraction of BST-2 is ubiquitinated by the SCFFTC?
E3 ubiquitin ligase complex and degraded in the lysosome in an endosomal sorting
complexes required for transport (ESCRT)-dependent manner. In the presence of Vpu, de
novo and recycled BST-2 are retained within the TGN. Vpu interacts with AP-1 to
mistraffick BST-2 to sorting endosomes, resulting in enhanced BST-2 degradation and
reduction of the protein on the cell surface. As a result, this promotes HIV-1 release and
decreases ADCC. TGN: trans-golgi network; PM: plasma membrane
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Figure 1.5: Sequestration of Vpu cellular targets.

Vpu interferes with host protein vesicular trafficking, thereby reducing expression of
immune factors at the cell surface. In general, Vpu retains NTB-A, CCR7, CD62L,
CD155, and CD81 within a perinuclear compartment (most often, the TGN). Vpu also
hinders the recycling of CD1d towards the PM in early endosomes. As a result, multiple
levels of innate and adaptive immunity are compromised, leading to viral persistence and
pathogenesis.
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SUMMARY

The chemokine receptor CCR7 plays a crucial role in
the homing of central memory and naive T cells to
peripheral lymphoid organs. Here, we show that the
HIV-1 accessory protein Vpu downregulates CCR7
on the surface of CD4"* T cells. Vpu and CCR7 were
found to specifically interact and colocalize within
the trans-Golgi network, where CCR7 is retained.
Downmodulation of CCR7 did not involve degrada-
tion or endocytosis and was strictly dependent on
Vpu expression. Stimulation of HIV-1-infected pri-
mary CD4" T cells with the CCR7 ligand CCL19 re-
sulted in reduced mobilization of Ca®*, reduced
phosphorylation of Erk1/2, and impaired migration
toward CCL19. Specific amino acid residues within
the transmembrane domain of Vpu that were previ-
ously shown to be critical for BST-2 downmodulation
(A14, A18, and W22) were also necessary for CCR7
downregulation. These results suggest that BST-2
and CCR7 may be downregulated via similar mecha-
nisms.

INTRODUCTION

HIV-1 encodes four accessory genes, vpu, nef, vif, and vpr, that
have numerous effects on the host cell. These effects include
downregulation of cell-surface molecules and evasion of re-
striction factors and innate immune responses (reviewed in
Kirchhoff, 2010; Malim and Emerman, 2008). The HIV-1 Vpu
protein has a predicted length that ranges from 77 to 86 amino
acid residues. Vpu is translated from a vpu-env bicistronic
mANA (Schwartz et al, 1990; Strebel et al., 1988) during a
late phase of the viral life cycle and is not thought to be incor-
porated into budding virions (Momaguchi et al., 2008). Structur-
ally, Vpu consists of three major domains: a short N-terminal

@ CrossMark

luminal tail (3-12 amino acids), a single hydrophobic trans-
membrane domain (TMD; 27 amino acids), and a C-terminal
amphipathic portion (54 residues) that extends into the cyto-
plasm (Maldarelli et al., 1993; Wray et al., 1995). The C-terminal
region consists of two «-helices connected by a short motif in
which two conserved serine residues (serine 52 and serine 56)
are phosphorylation sites for casein kinase Il and are respon-
sible for the recruitment of B-TrCP-1 and [-TrCP-2 (Strebel,
2007).

Vpu sequesters de novo synthesized CD4 in the endoplasmic
reticulum (ER), targeting it for proteasomal degradation (Willey
et al., 1992). This function is dependent on the binding of
B-TrCP to Vpu's cytoplasmic phosphoserine residues (Butticaz
etal., 2007; Margottin et al., 1998). Vpu-mediated downmodula-
tion of BST-2/Tetherin has been shown to be partly dependent
on the interaction of Vpu with B-TrCP (lwabu et al., 2009),
although whether this interaction leads to degradation of BST-
2 is still debated (Dubé et al., 2010; Mangeat et al., 2009). Vpu
interacts with BST-2 within the trans-Golgi network (TGN) and
in recycling endosomes (Douglas et al., 2009; Dubé et al.,
2010; Mitchell et al., 2009) rather than within the ER, as is the
case with CD4 (Willey et al,, 1992). Vpu has been shown to
cooperate with Nef in the downregulation of CD1d from the
surface of HIV-1-infected dendritic cells (DCs), thereby limiting
the ability of CD1d to patrol the endocytic system in search of
lipid antigens to present to invariant natural killer T (iNKT) cells
(Moll et al., 2010).

Shah et al. (2010) recently found that Vpu also downmodulates
the surface expression of the NK cell coactivating receptor NK-T
and B cell antigen (NTB-A) on infected CD4" T cells. As a conse-
guence, degranulation by MK cells, which requires signaling
through NTB-A, is impaired. Downregulation of NTB-A by Vpu
protects the infected cells from lysis by NK cells (Shah et al.,
2010). Interestingly, it appears that recruitment of p-TrCP is not
required for either Vpu-mediated CD1d or NTB-A surface down-
madulation, suggesting that Vpu acts as a multifunctional viral
protein that is able to interfere in different ways with different
host factors (Sandberg et al., 2012).
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In this work, we describe the ability of HIV-1 to downregulate
the C-C chemokine receptor-7 (CCR7) from the surface of
primary CD4* T cells in a Vpu-dependent manner. CCR7 belongs
to a family of seven-transmembrane-spanning chemokine
receptors that mediate their signals through the activation of
heterotrimeric Gu, proteins. CCR7T is mainly expressed by mature
dendritic cells (Ohl et al., 2004), naive B cells (Reif et al., 2002),
and naive and central memory CD4* T cells (Sallusto et al.,
1999). Studies in CCR7-deficient mice underscored the central
role of CCR7 as a major homing receptor that directs the migra-
tion of cells into the lymph nodes, where priming and assembly of
immune responses take place (Forster et al., 1999). Additionally,
recent studies have revealed previously unrecognized functions
of CCR7 in promoting T cell recirculation in peripheral tissues
(Debes et al., 2005; Hopken et al, 2010). CCR7 signaling is
triggered by the chemokines CCL19 and CCL21 (Rot and von An-
drian, 2004), which are constitutively expressed by reticular stro-
mal cells in lymphoid organs (Luther et al., 2000). Binding of
either ligand to the receptor culminates in G protein activation,
calcium flux, and chemotactic responses (Wilimann et al,
1998; Yoshida et al., 1998). We show that HIV-1 infected cells,
through the action of Vpu, display reduced expression of CCR7
and a reduced ability to signal and migrate in response to CCL19.

RESULTS

HIV-1 Downregulates the Chemokine Receptor CCR7 on
the Surface of Primary CD4"* T-Lymphocytes

We previously reported that HIV-1 infection of in vitro cultured
central memory T cells (Tcw) generates a population of produc-
tively infected cells (Bosque and Planelles, 2009). We wished to
examine whether any phenotypic differences induced by HIV-1
infection occurred in these cells. To that end, we infected pri-
mary CD4" lymphocytes (generated as described in Experi-
mental Procedures) with a replication-deficient HIV-1 molecular
clone (termed DHIV) carrying GFP in place of Nef (DHIV-
GFPANMef; Figure 51) and analyzed the expression of GFP versus
different surface markers at 2 days postinfection. As shown in
Figure 1A, both uninfected and infected cells expressed similar
levels of the activation marker CD45R0, the chemokine receptar
CXCR4, and the costimulatory molecule CD27, all of which are
highly expressed on cultured Ty, As expected, infected cells
downregulated CD4 as a consequence of Vpu expression (Willey
et al., 1992). Unexpectedly, we found that the levels of the
chemokine receptor CCR7 were 49% lower (based on mean
fluorescence intensity [MFI] values) in infected cells relative to
uninfected cells (Figure 1A).

We then investigated whether this was a general effect of
HIV-1 on chemokine receptors. We infected Tgy, cells with a
molecular clone of HIV-1 that encodes all of the accessory
genes. In this case, cells were stained for surface expression
of the chemokine receptors CCR7, CXCR4, CXCR3, CCR4,
CCR6, and CCRS5, followed by intracellular staining of p24Gag
viral antigen. As shown in Figure 1B, among the tested receptors,
HIV-1 was only able to downregulate CCR7. Contrary to previous
findings showing that Nef downmodulates the chemokine recep-
tor CXCR4 (Hrecka et al., 2005; Venzke et al., 2006), we did not
observe CXCR4 downregulation.

2020 Cell Reports 7, 2019-2030, June 26, 2014 ©2014 The Authors
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Vpu Mediates Cell-Surface CCR7 Downregulation in
CD4* T Cells

Next, we tested whether any accessory protein had a potential
role in manipulating CCR7 expression. To that end, we infected
cells with HIV-1 viruses lacking each accessory gene and
analyzed CCR7 expression 2 days postinfection. As shown in
Figure 2A, CCR7 was downmodulated from the cell surface by
HIV-1aVpr, HIV-1AVif, and HIV-1ANef to the same extent as it
was by wild-type (WT) HIV-1 (panels i-v). However, HIV-1AVpu
failed to downregulate CCR7, indicating that Vpu was necessary
for this function (panel vi).

We then examined whether Vpu was sufficient for CCR7
surface downregulation. CCRF-CEM T cells, which constitutively
express CCR7 and CD4, were nucleofected with expression
vectors encoding either Vpu-GFP or GFP alone (Shah et al.,
2010). CCR7 surface expression was reduced in Vpu-GFP, but
not GFP-transfected, cells (Figure 2B, compare panels i and ii),
indicating that Vpu is sufficient to downmodulate CCR7. As
expected, CD4 surface levels were also lower in Vpu-GFP-
expressing, but not GFP-expressing, cells (Figure 2B, panels iii
and iv; Willey et al., 1992).

To address whether HIV-1 infection reduced the total levels of
CCR7 (as opposed to only surface levels), cells were fixed,
permeabilized, and costained with CCR7 and p24Gag anti-
bodies. As a control, we stained for CD4, whose degradation is
triggered by Vpu via the ER-associated degradation (ERAD)
pathway (Binette et al., 2007; Magadan et al., 2010; Schubert
et al., 1998; Willey et al., 1992). As shown in Figures 2C (panels
i and iii) and 2D, the total levels of CCR7 were not significantly
different between infected and uninfected cells (see “Total” in
Figures 2C and 2D}, suggesting that Vpu did not induce CCR7
degradation but, more likely, promoted its redistribution within
the cell. In contrast, HIV-1 infection drastically reduced the sur-
face and total levels of CD4 (Figure 2B, panels ii and iv) due to
the combined effect of both Vpu and Nef degrading the protein
{Kirchhoff, 2010).

To directly assess whether Vpu induces CCR7 degradation,
we conducted both a cycloheximide (CHX) study and a pulse-
chase analysis. We used CHX, a blocker of protein synthesis,
so that we could evaluate the fate of total levels of protein in
the absence of de novo synthesis. As shown in Figure S2A,
when HIV-1-infected primary cells were incubated in the pres-
ence of CHX for 24 hr, the total levels of CCR7 remained constant
between infected and uninfected cells. Therefore, the decrease
in surface CCR7 induced by Vpu cannot be explained by protein
degradation.

As an independent method to examine the possible degrada-
tion of CCR7, we performed a pulse-chase analysis in 293T cells
by cotransfecting CCR7-Flag with an expression vector encod-
ing GFP or a Vpu-GFP fusion protein (Shah et al.,, 2010). At
24 hr posttransfection, cells were pulse labeled with [*°S] for
30 min and chased for up to 24 hr. CCR7 was then immunopre-
cipitated using an anti-Flag antibody and the lysates were sepa-
rated by SDS-PAGE, followed by autoradiography. We observed
a band at 43 kDa corresponding to CCR7. We detected only a
minor difference in CCRT protein levels in the absence or pres-
ence of Vpu (100% versus 86%, respectively) after 24 hr (Figures
S2B and S2C). Therefore, although these results do not exclude
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Figure 1. HIV-1 Dowr the Ch kine Receptor CCRT from the Surface of Infected Primary CD4' T Cells

(A) Surface levels of CD45RO (iii and iv), CXCR4 (v and vi), CD27 (vii and viii), CD4 (ix and x), and CCR7 (i and xii) versus GFP expression were analyzed 2 days
postinfection in uninfected (Mock) and infected (DHIV-GFPANef) cultured CD4* Tey cells. An immunoglobulin G (IgG) matched control was used to establish
positive surface marker expression (i and ii). Unless otherwise noted, all figures involving primary CD4" T cells are representative of three separate experiments
performed in three different donors.

(B) Primary CD4" T cells were either mock infected or infected with DHIV. At 2 days postinfaction, cells were surface stainad for the chemaokine recaptor CCR7 (i),
CXCR4 (i), CCRS (jii), CXCR3 (iv), CCR4 (v), or CCRE (vi), followed by intracellular staining for HIV-1 p24Gag. A comparison between p24Gag™ cells (blue line)
and p24GagF®* cells (red ling) is depicted in each histogram along with an IgG matched isatype control (gray shaded histogram).

See also Figure 51,

a minor contribution of degradation of CCR7, we conclude that
degradation is not the major mechanism by which Vpu induces
downregulation of CCR7 from the cell surface.

Downmodulation of CCR7 by Vpu Occurs with
Replication-Competent HIV-1

To directly examine under more physiological conditions (i.e., in
a spreading infection) whether Vpu could downmodulate CCR7,
we infected primary CD4" T cells with either HIV-1y.4.5 or the
mutant HIV-1y_..2AVpu, in which the start codon of Vpu was
mutated to a stop codon. At 2, 3, 5, and 7 days postinfection,
the cells were surface stained for CCR7 or BST-2, followed by
intracellular staining for p24 Gag. Replication-competent HIV-1

efficiently downregulated CCR7 from the cell surface, and this
effect became more significant as the time of infection increased
(Figures 3A, panels i-iv, and 3B). By comparison, infection of
cells with HIV-1y,4.3AVpu was unable to induce CCR7 surface
downmodulation (Figures 3A, panels v-viii, and 3B). As a control,
Vpu also efficiently downregulated BST-2 from the cell surface
(Figure S3).

CCR7 and Vpu Colocalize within the TGN

Vpu has previously been shown to colocalize with BST-2 (Van
Damme et al., 2008) and preferentially sequester the host protein
within a perinuclear compartment, specifically the TGN (Dube
et al., 2009, 2010, Hauser et al., 2010; Vigan and Neil, 2010).

Cell Reports 7, 2019-2030, June 26, 2014 ©2014 The Authors 2021
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Therefore, to determine whether Vpu colocalizes and/or seques-
ters CCR7, we transfected Hela cells with a CCR7 fusion
construct bearing a C-terminal mCherry tag (CCR7-mCherry)
along with Vpu-GFP. In the absence of Vpu-GFP, CCR7-
mCherry localized both at the cell surface and intracellularly
(Figure 4A, top row). The amount of colocalization between
CCR7-mCherry and TGN46, a TGN marker, in the absence of
Vpu, was minimal (Figures 4A, upper panels, and 4B). However,
in cells cotransfected with CCR7-mCherry and Vpu-GFP, both
proteins were highly colocalized together, as quantified by Pear-
son’s correlation coefficient (PCC; Figure 4B), and specifically
within the TGN cellular compartment (Figures 4A, lower panels,
and 4B; Barlow et al., 2010). Moreover, the degree of colocaliza-
tion between CCR7-mCherry and TGN46 (PCC = 0.38) increased
when Vpu-GFP was present (PCC = 0.58), suggesting that Vpu
sequesters CCRT within the TGN. These findings are highly remi-

2022 Cell Reports 7, 2019-2030, June 26, 2014 ©2014 The Authors
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Figure 2. HIV-1 Vpu Is Necessary and Suffi-
cient for Surface Downmodulation, but Not
Degradation, of CCR7
(&) Primary CD4" T cells were either mock infected
(i) or infected with DHIV (i), DHIVAVpr (i), DHIVA
Vif (iv), DHIVANef (v), or DHVAVpU (vi). Two days
later, cells were assessed for surface levels of
CCR7 in p24Gag™™? (blue ling) and p24Gag®™™ cells
(red ling). Gray-shaded histograms represent 1gG
matched isotype controls.
(B) CCRF-CEM cells were nucleofected with 2 pg
of either a GFP or Vpu-GFP expression vector. At
24 hr posttransfection, the relative surface levels
of CCRY (i and iii) and CD4 (i and iv) were
measured. The histograms depict a comparison
between untransfected (blue line) and transfected
(red ling) cells relative to the 1gG matched control
(gray-shaded histogram). The figure is represen-
tative of three independent experiments.
(C) The relative surface levels of CCR7 (j) and CD4 (i)
12 days after infection with DHIV, as in
(A). In addition, cells were permeabilized and cos-
tained with antibodies for either CCRT (i) or CD4 (iv)
along with antibody for p24Gag. HIV-1 p24Gag™
cells and p24Gag™? cells are represented by red
and blue lines, respectively. Uninfected cells (black
line) were used as a control along with an lgG
matched isotype (gray-shaded histogram).
(D) MFI values of the surface and total levels of
CCR7 from three independent experiments. The
data were normalized by setting MFI values from
uninfected (mock) cells to 100% and are depicted
graphically as mean + SEM ("p < 0.05).
See also Figure 52,

B poa=
B3 2™ niscent of how Vpu induces BST-2
surface downregulation (Dubé et al,

2010, Vigan and Neil, 2010).

Vpu Does Not Increase the
Endocytosis Rate of CCR7 in the
Presence of CCL19

Since we observed that the steady-state
levels of CCR7 remained constant in
HIV-1-infected cells, we tested whether Vpu may be increasing
the internalization rate of the chemokine receptor. Primary
CD4" T cells infected with HIV-1y, . 5 were stained with an anti-
body against CCR7 at 4°C and then placed back at 37°C for
various time points to allow for internalization. The cells were
then stained with an allophycocyanin (APC)-conjugated second-
ary antibody followed by p24Gag antigen, and analyzed by
flow cytometry. As shown in Figure S4, we did not observe endo-
cytosis of CCR7 in uninfected cells (mock, solid black line),
p24Gag™? cells (solid blue line), or p24Gag®** cells (solid red
line). This indicates that Vpu does not increase the constitutive
endocytosis rate of CCR7. Moreover, the stability of the chemo-
kine receptor on the surface is consistent with previous reports
showing that CCR7 is highly stable on the cell membrane unless
it is provided with one of its chemokine ligands, such as CCL19
(Otero et al., 2006). As a positive control for endocytosis of
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Figure 3. Vpu Downregulates CCR7 in the Context of a Spreading Infection
(A) Primary CD4" T cells were infected with either HIV-1, 4.0 or HIV-10.2AVpU at a multiplicity of infection (mai) of 0.1. At 2, 3, 5, and 7 days postinfection, cells
were surface stained for CCRY and permeabilized for detection of p24Gag. Histograms represent p24Gag™™? cells (blue line), p24Gag™™ cells red ling), or an IgG

matched isotype (gray-shaded histogram).

(B) MFI values of the surface levels of CCRT in HIV-1py 4.5 (left) or HIV-14 4 2AVpu (right) infected cells. The data were normalized by setting the MFI values from
uninfected (mock) cells to 100% and are depicted graphically as mean + SEM. The data are representative of three independent experiments in three separate

donors ('p < 0.05, ~'p < 0.01, *"p < 0.001).
See also Figure 53,

CCR7, we stimulated cells with CCL19 (Figure S4, dashed black,
blue, and red lines). It is notewaorthy that CCL19-induced endo-
cytosis of CCR7 was also unaffected by the presence of Vpu.

The TMD of Vpu Is Required for Downregulation of CCR7

Vputriggers CD4 proteasomal degradation by linking this protein
to the Skp1-Cullin-F-box (SCF)/B-TrCP E3 ubiquitin ligase com-
plex (Kerkau et al., 1997; Margottin et al., 1998). Vpu-mediated
BST-2 removal from the surface of HIV-1-infected cells also
requires the interaction of Vpu with B-TrCP (Mitchell et al.,
2009). Two phosphorylated serines (serines 52 and 56) in the
DpSGXXpS motif (where “p” denotes phosphorylation of the
following amino acid residue and “X" denotes any amino acid
residue) present at the C terminus of Vpu recruit B-TrCP (Ev-
rard-Todeschi et al., 2006; Wu et al., 2003). To address whether
Vpu interaction with B-TrCP is required for CCR7 downregula-

tion, we used an HIV-1 mutant in which both Vpu serine residues
were mutated to asparagine (VpuS52,56N). We anticipated that if
an interaction with the SCF/p-TrCP complex were required for
CCR7 downregulation, mutation of the serine residues would
completely abolish this phenotype, as is the case for downregu-
lation of CD4 (Willey et al., 1992). As shown in Figure 5A (panels ii
and iv), VpuS52,56N was still able to downregulate CCR7 (MF1 =
71 and 42 for p24 - and p24+ cells, respectively; 41% downregu-
lation), although somewhat less efficiently than WT Vpu (MFI = 76
and 29 for p24— and p24+ cells, respectively; 62% downregula-
tion). Therefore, VpuS52,56N retained most of its ability to down-
regulate surface CCR7. We interpret these results to mean that
interaction with the p-TrCP-containing E3 ubiquitin ligase com-
plex is not required for CCRT surface downmodulation by Vpu.
The TMD of Vpu (residues 4-27) is highly conserved among
strains of the pandemic HIV-1 group M (Vigan and Neil, 2010,

Cell Reports 7, 2019-2030, June 26, 2014 ©2014 The Authors 2023
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Figure 4. Vpu Colocalizes with CCRT within the TGN

46

TGN-46 Merge

|A) HeLa cells were transiently transfected with either CCR7-mCherry alone (top row) or in combination with Vpu-GFP (bottom row). At 24 hr posttransfection,
cells were fixed, permeabilized, and stained with a TGN-specific antibody (TGN4E). Images ware acquired using a spinning-disc confocal microscope. Red,

CCR7-mCherry; green, Vpu-GFP; blue, TGN4E.

(B) Relative colocalization levels between CCR7-TGN46, Vpu-TGN46, or Vpu and CCR7 were quantified using Pearson's comelation coefficient (PCC). Data are
graphically depicted as mean + SEM, The PCC values are representative of ten individual cells (“p < 0.01).

See also Figure 54,

2011). Moreover, this region is required for downregulation of
NTB-A (Shah et al., 2010), BST-2 (McNatt et al., 2013; Van
Damme e , 2008), and CD4 (Magadan and Bonifacino,
2012; Magadan et al., 2010; Tiganos et al., 1998). To determine
whether the TMD of Vpu played a role in CCRT downmodulation,
we infected CD4" T cells with an HIV-1 mutant encoding Vpu
with a scrambled TMD (VpuRD) (Schubert et al., 1996). Infection
of cells with HIV-1VpuRD virus failed to induce CCR7 downregu-
lation (Figure 5B, panels ii and iii). We then investigated the spe-
cific residues within the TM region that may be critical for Vpu to
downmodulate CCR7. Previous studies have shown that the
Al4, W22, and to a lesser extent A18 residues within Vpu's
TMD are important for the downmodulation and interaction of
Vpu with BST-2 (Skasko et al., 2012; Vigan and Neil, 2010).
Mutation of alanine 14 and tryptophan 22 to phenylalanine and
alanine, respectively, completely abolished Vpu-dependent

2024 Cell Reports 7, 2019-2030, June 26, 2014 ©2014 The Authors

CCR7 downregulation (Figure 5B, panels iv and vi). As previously
shown for Vpu-dependent downregulation of BST-2 (Vigan and
Meil, 2010), the change of residue 18 of Vpu also had an interme-
diate effect on CCR7 downregulation (panel v). The A14,18F and
A14,18F/W22A mutations also abolished CCRT downregulation
(panels vii and viii). Mutation of serine 23 to alanine (panel ix) or
isoleucine 17 to alanine (panel x), however, did not affect
CCR7 downmodulation. The above data indicated that CCR7
downregulation requires specific residues in the TMD of Vpu,
and these residues are the same as those previously shown to
be important for BST-2 downregulation (Vigan and Neil, 2010).

CCR7 Coimmunoprecipitates with Vpu

To address whether Vpu-mediated downregulation of CCR7
required a physical interaction between the viral protein and
the chemokine receptor, we transfected 293T cells with a
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Figure 5. CCR7 Surface Downregulation Requires Vpu's TMD, but Not its Conserved Serines

(A) Primary CD4" T cells were either mock infected () or infected with DHIV i),

DHIVAVpu (iif), or DHIV-VpuS52,56N (iv), in which Vpu's conserved serines were

mutated to asparagines. All cells were surface stained for CCRT expression followed by intracellular p24Gag staining, as in Figure 1B.
(B) Primary GD4" T cells were either mock infected (i) or infected with DHIV (i) or DHIV-VpuRD (jii), in which the TMD of Vpu was scramblad. Additionally, cells were
infected with the indicated Vpu TM mutants (iv—x). Cells were stained and analyzed as described in (A).

plasmid expressing either GFP or Vpu-GFP, including mutants
(VpuA14F-GFP, VpuRD-GFP, and VpuS52,56N-GFP) alone or
in combination with CCR7-Flag. At 24 hr posttransfection,
CCR7-Flag was immunoprecipitated from whole-cell lysates,
followed by immunoblotting with anti-GFP. Figure & (lane 6)
shows that Vpu coimmunoprecipitated with CCR7. Surprisingly,
both VpuRD and VpuA14F, mutants that failed to downregulate
CCR7, also coimmunoprecipitated with CCR7 (lanes 8 and 10).
Interestingly, VpuS52,56N, which also coimmunoprecipitated
with CCR7 (lane 12), did not show the upper two bands, which
we interpret to be the phosphorylated forms of Vpu at serine
52 and/for serine 56.

The above results indicate that the interaction between CCR7
and Vpu, while necessary, is not sufficient for downmodulation of
CCRT surface levels. Further studies are needed in order to iden-

tify other potential requirements, beyond CCR7-Vpu binding,
that may exist. One possibility is that interaction(s) of Vpu with
additional cellular proteins may be required for the downmodu-
lation of CCR7.

CCL19-Mediated Mobilization of Intracellular Calcium
and Erk1/2 Phosphorylation Are Impaired in HIV-
Infected CD4* T cells

Binding of either CCL19 or CCL21 to CCR7 initiates a signaling
cascade that leads to the release of calcium from intracellular
stores (Wu et al., 2000) and activates extracellular-signal-regu-
lated kinase 1/2 (Erk1/2) (Tilton et al., 2000). In our preliminary
tests, primary CD4" T cells migrated in response to CCL19
more efficiently than they did to CCL21 in vitro (Figure S5). There-
fore, to further examine the potential effects of Vpu on CCR7

Cell Reports 7, 2019-2030, June 26, 2014 ©2014 The Authors 2025
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function, we decided to use CCL19 for the next set of experi-
ments. We first asked whether decreased surface expression
of CCR7 in HIV-infected cells impaired signaling by CCL19. To
that end, we compared the efficiency of calcium maobilization in
infected and uninfected cells after stimulation with CCL19.
Cultured Ty, cells were infected with a recombinant HIV-1yy.4.5
construct encoding the murine heat-stable antigen (HSA/
CD24) in place of Vpr (Jamieson and Zack, 1998). As shown in
Figure 7A, mock-infected and HIV-HSA™® (uninfected) cells
responded in a similar fashion to CCL19, with 44.3% and
49.4% of the cells, respectively, increasing the [Ca®*]; at the
lower dose utilized. In contrast, only 28.8% of HIV-HSAP™
(infected) cells upregulated [Ca®']; in response to the same
stimulation.

It is noteworthy that the basal levels (Figure 7A, “No treat-
ment”) of [Ca®*], were higher in infected cells (2.06%) than in
uninfected ones (0.42%). The reason for this difference is un-
known. It is possible that the binding of the staining antibody
against murine HSA could trigger a modest increase in the
[Ca®*),. The response to ionomycin was comparable in each
sample analyzed, indicating that cells similarly incorporated
the fluorescent dye and that calcium mobilization in response
to other stimuli was preserved and not affected by infection.

Phosphorylation of Erk1/2 is another event triggered by
CCL19 binding to CCR7. We predicted that levels of phos-
phorylated ERK1/2 would be compromised in HIV-infected cells
after stimulation with CCL19. To address this, we infected
activated CD4" T cells with viruses that expressed Vpu (DHIV-
GFPaANef) or did not express Vpu (DHIV-GFPANefAVpu). As
expected, unstimulated cells infected with either DHIV-GFPANef
or DHIV-GFPANefaVpu showed no induction of p-ERK1/2
(Figure 7B, gray and black lines). Phorbol myristate acetate
(PMA) treatment (positive control) led to p-ERK1/2 levels that
were comparable between GFP™* and GFP™ cells infected
with either virus. When cells were stimulated with CCL19, the
GFP™9 population had fairly similar levels of p-ERK1/2 regard-

2026 Cell Reports 7, 2019-2030, June 26, 2014 ©2014 The Authors

—— —

transfection, cells were lysed and immunoprecip-
itated using anti-Flag antibody. Lysates were
analyzed by western blot and probed for fi-actin
(42 kDa), GFP (37 kDa), and Flag (43 kDa; un-
glycosylated form of CCR7 [U-CCR7]) by loading
10 pg of lysate per sample. Antibodies probed
against GFP and Flag were used to analyze im-

precipi by blot. IgG heavy
chain: 53 kDa. Resulls are representative of two
different experiments.

=37 kDa

=25 kDa

—— — T
E less of whether the cultures were infected
with DHIV-GFPANef (red line; MFI = 46)
—s or DHIV-GFPANefaVpu (blue ling; MFI =

- -_ ...

60). In contrast, GFPP™® cells infected
with DHIV-GFPAMNef had reduced
levels of p-ERK1/2 (red line; MFI = 113)
compared with those infected with DHIV-GFPANefAVpu (blue
line; MFI = 217).

Interestingly, the levels of both PMA and p-ERK1/2 were
generally higher (regardless of whether the virus was DHIV-
GFPaANef or DHIV-GFPAMefaVpu) in GFPP?® cells than in
GFP™® cells. This may reflect the fact that HIV infection
(in particular, the viral protein Tat) may induce cellular stress,
leading to the phosphorylation of Erk1/2 (Herbein and Khan,
2008). Therefore, it is likely that phosphorylation of ERK1/2
during HIV-1 infection occurs in response to multiple signals.
Taken together, the above results suggest that Vpu-mediated
downregulation of CCR7 upon viral infection results in an
impaired ability of infected primary CD4" T cells to respond
to CCL19.

Vpu Decreases the Capacity of CD4* T Cells to Migrate
toward CCL19

Based on the above results, we predicted that Vpu downregula-
tion of CCR7 would result in decreased cellular migration in a
CCL19 chemokine gradient. To test our hypothesis, we infected
primary CD4" T cells with either HIV-1ys.3 or HIV-1y, 4 3AVpu. At
5 days postinfection, cells were placed in the upper chamberof a
transwell plate and allowed to migrate toward either medium
alone or chemokine ligands specific for CCR7 (CCL19) or
CXCR4 (SDF1«). The cells in the lower chambers of the transwell
plates were then fixed and permeabilized, stained for p24Gag,
and enumerated. As shown in Figure 7C, HIV-1y4.5-infected
cells showed a decreased ability to migrate toward CCL19
relative to noninfected (NI) cells as well as cells infected with
HIV-1p 2.a4Vpu. Migration defects were not observed in
response to an SDF1a gradient. Interestingly, cells infected
with HIV-1p434Vpu showed a slightly enhanced ability to
migrate toward CCL19, but not toward SDF1«, relative to NI
cells. Taken together, these results indicate that Vpu negatively
modulates the chemotactic potential of primary CD4" T cells to
migrate specifically toward CCL19.



Figure 7. CCL19-Mediated Chemotaxis and

Ch ic Signaling Resp Are
Impaired in HIV-1-Infected Primary CD4* T
Cells

(A) Primary CD4* T cells were either mock infected
or infected with DHIV-HSA. At 2 days post-
infection, the cells were loaded with Fluo3-AM
followed by surface staining for HSA. Cells were
left untreated (Mo treatment”) or stimulated with
ionomycin (20 ng/ml) or with either 100 nM or
500 nM CCL19. Changes in fluorescence were
recorded over time by flow cytometry. The figureis
representative of two independent experiments in
two different donors.

(B) Primary CD4" T cells were either mock infected

B PMA CcCL19 or infected with the virus DHIV-GFPANef or DHIV-
GFPANefAVpu. Forty-sight hours later, the cells
™ were stimulated with either 5 ng/ml PMA or
% GFP negative 50ng/mi CCL12 for 5 min and immediately stained
s {Uninfected) to detect ERK1/2 phosphorylation. The histo-
[ —DHIV-GFPANefAVpu grams depicted are split into GFP— (uninfected)
2 —— DHIV-GFPANef and GFP+ (infected) rows. The blue line depicts
g ——— Untreated DHIV-GFPANefAVpu cells infected with Vpu— virus, and the red line
i ‘2:; Untreated DHIV-GFPANef depicts cells infected with Vpus+ virus, At least 5 x
2 GFP positive 10* viable GFP+ and GFP— cells were collected
=" (Infected) via flow cytometry. The figure is representative of
SE two independent experiments performed in two
different donors,
[C) HIV-Tp e or HIV-154..54Vpu was used to
infect primary CD4" T cells at an moi of 0.1, At
5 days postinfection, cells were placed in the
Cc upper chamber of a transwell, and either medium

% of Input

alone or medium containing CCL19 or SDF 1o was
put into the lower chamber. After 1 hr, the per-
centages of T cells that migrated towards the
lower chamber in response to medium or ligand
relative to total cells stained (input) were calcu-
lated. Data are depicted as the mean + SEM and
are representative of four independent experi-
ments performed in duplicate and in different do-
nors ('p < 0.05, ""p < 0.01, **p < 0.001).

(D) CCRF-CEM cells transfected with GFP or
Vpu-GFP plasmids were placed in the upper
chamber of a transwell, and either medium or
CCL19 was put into the lower chamber, After 3 b,
the number of GFP-expressing T cells that

were attracted toward the medium was calculated and is depicted as a migration index (MI). Data are represented as mean = SEM of three independent ex-

periments performed in duplicate ("p < 0.05).
See also Figure S5,

Finally, to also determine whether Vpu was sufficient to induce
an impaired chemotactic response, CCRF-CEM cells were
nuclecfected with expression plasmids encoding GFP or Vpu-
GFP. Twenty-four hours later, the cells were subjected to
in vitro transmigration assays. As shown in Figure 7D, Vpu-
GFP-expressing cells showed a reduced capacity to migrate
toward CCL19 relative to GFP-expressing cells (migration index
[MI] of 6 versus 12), indicating that Vpu alone was still able to
cause a CCR7-specific defect in cellular migration.

DISCUSSION

Maive and central memory CD4" T cells are characterized by the
ability to continuously transition through secondary lymphoid

organs, where cognate antigen is expressed by professional
antigen-presenting cells. In order for T cells to correctly home
to peripheral lymphoeid sites, cellular migration is orchestrated
by chemokines and chemokine receptors. The chemokine
receptor CCR7 and its two known ligands, CCL19 and CCL21,
are crucial factors in this process. Previous reports showed
that HIV-1 infection interferes with T cell recirculation, mostly
by accelerating T cell differentiation and promoting a CCR7'°"
phenotype (Pantaleo and Harari, 2006; Younes et al., 2003).
Perez-Patrigeon et al. (2009) found that chemotaxis triggered
by CCL19 was impaired in naive, central memory, and effector
memory T cells from HIV-infected patients, although they did
not find differences in CCR7 surface expression levels between
T cells of HIV-1-infected patients and those of healthy subjects.

Cell Reports 7, 2019-2030, June 26, 2014 ©2014 The Authors 2027
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Thus, the findings by Perez-Patrigeon et al. may be in contradic-
tion to our observations in this study. However, one notable
difference between the two studies is that Perez-Patrigeon
et al. did not analyze CCR7 surface levels in a manner that
discriminated between infected and uninfected cells. It is also
worth noting that a recent report disputed the involvement of
CCRY7 in the trafficking of memory CD4" T cells from blood into
the lymph nodes (Vander Lugt et al., 2013).

Surprisingly, immunoprecipitation of CCR7 from cells ex-
pressing WT Vpu, VpuRD, or VpuA14F (with the latter two being
unable to downregulate CCR7) showed a physical interaction in
all cases. We surmised that the interaction between the two
proteins, although necessary, was not sufficient toward Vpu-
mediated modulation of CCR7. According to the solid-state
nuclear magretic resonance structure of the HIV-1y...5 Vpu
TMD in lipid membranes (Marassi et al., 1999; Park et al.,
2003, Skasko et al., 2012), residues A14, A18, and W22 form a
diagonal line on the TM z-helix. Although previous studies impli-
cated these residues as potential points of contact between Vpu
and BST-2 (Kobayashi et al., 2011; Rong et al., 2009; Skasko
et al., 2012; Vigan and Neil, 2010), McNatt et al. (2013) recently
showed that such residues are responsible for maintaining the
overall structure of Vpu TMD, rather than constituting points of
interaction. Our experiments confirm that residues A14, W22,
and to a lesser extent A18 in Vpu are important for CCR7
downmaodulation.

Alteration of immune cell functionality is a hallmark of many
viral infections. Specifically, CCR7 expression levels on DCs
have been found to be downregulated by cytomegalovirus infec-
tion (Moutaftsi et al., 2004) and by HHV-8 (Cirone et al., 2012),
with a consequent decrease in the ability of cells to migrate to
peripheral lymphoid organs and coordinate the immune
response. The data presented here suggest that in a similar
fashion, HIV-1 may inhibit migration of CD4*-infected T cells to
peripheral lymphoid tissues, possibly hindering the initiation of
effective immune responses.

EXPERIMENTAL PROCEDURES

Cells and Plasmids
For details on in vitro cultured Tey cells, see Supplemental Experimental
Procedures, The T-lymphoblastoid CCRF-CEM cell line was maintained in
RPMI complete (supplemented with 10% fetal bovine serum and 1% peni-
cillin-streptomycin-L glutamine). Human embryonic kidney 293T (HEK293T)
and Hela cells were cultured in Dulbecco’s modified Eagle's medium com-
plete. For a detailed description of the plasmids used in this work, see Supple
mental Experimental Procedures. Studies involving primary CD4* T cells were
covered under protocol #IRB_00067637 approved by the University of Utah
Institutional Review Board.
tions, C precip , and
Far overexpression of Vpu, CCRF-CEM cells were nuclecfected with pAcGFP

50

APC-CD4 antibodies along with mouse-FITC-anti-p24. Surface levels of
BST-2 were analyzed by staining cells with anti-BST2 (NIH AIDS Reagent
Program; Dr. Klaus Strebel) and then staining cells with a goat anti-rabhit sec-
ondary antibody coupled to Alexa 647 (Molecular Probes, Invitrogen).

To measure relative levels of p-ERK1/2, cells were stimulated with CCL19 for
5 min at 37°C. Cells were immediately fixed in 2% formaldehyde (Polyscien-
ces) and permeabilized in 90% ice-cold methanol. They were then labeled
with anti-p-ERK1/2 (Thr202/Tyr204), followed by staining with a goat anti-
rabbit secondary antibody coupled to Alexa 647.

Calcium Meobilization Assay

was measured in primary CD4* T cells in-
facted with DHIV-HSA virus, encoding HSA/CD24 in place of Vpr, according
to the procedure described in Supplemental Experimental Procedures,

Mi py
Hela cells were transfected and stained as described in Supplemental
Experimental Procedures. Images were acquired on an Olympus Fv-1000
using a 60 oil lens, and quantification was performed using the Velocity 3D
image analysis software (Perkin-Elmer).

SUPPLEMENTAL INFORMATION
Supplemental Information includes Supp Pre

and five figures and can be found with this article online at hitp:/dx.dol.org/
10.1016/].celrep.2014.05.015.
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Figure S1
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Figure S1: DHIV Constructs. (Related to Figure 1) The HIV-1x14.3 sequence was cut between
two Bglll sites to efficiently delete envelope/gpl20 (gray box) but maintain in-frame Tat, Rev
and RRE ORFs. This mutant lentiviral vector was thus termed “defective” HIV, or DHIV. All
constructs, with the exception of HIV-Inrs3 and HIV-Ixnr43AVpu, used in this study were
derived from the DHIV backbone through either: i.) Introduction of a frameshift mutation within
each of the accessory genes ; ii.) The replacement of Vpr with the mouse heat stable antigen
(HSA) gene or iii.) The GFP gene in place of Nef. A)) DHIVGFPANef, B))
DHIVGFPANefAVpu, C.) DHIV D.) DHIV-HSA E.) DHIV-ANef F.) DHIV-AVpu G.) DHIV-
AVpr H.) DHIV-AVIif.
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Figure S2
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Figure S2: Vpu does not degrade CCR7. (Related to Figure 2) A)) Activated CD4™ T cells
were infected with DHIV. Two days later, cells were incubated in either the absence or presence
of cyclohexamide (10 pg/ml) to block new protein synthesis. Twenty-four hours later, cells were
either surface stained for CCR7 or fixed and permeabilized to measure total levels of CCR7.
HIV infection was assessed through intracellular staining and detection of p24Gag. A
comparison between uninfected p24Gag™® cells (blue line) and infected p24Gag™ cells (red
line) are depicted in each histogram along with an IgG matched isotype control (gray shaded
histogram). Figure is representative of two independent experiments performed in two different
donors. B.) 293T cells were co-transfected with CCR7-Flag and expression vectors encoding
either GFP or a Vpu-GFP fusion protein. 24 hours later, cells were pulse labeled with [*°S]-
methionine for 30 minutes. Cells were then chased for up to 24 hours and lysates collected at
each time point indicated. CCR7 was then immunoprecipitated using an anti-Flag antibody,
lysates separated by SDS-PAGE and analyzed by autoradiography. C.) Quantification of the
kinetics of CCR7 protein turnover derived from B.
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Figure S3
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Figure S3: BST-2 is downregulated from the surface of HIV-1y14; infected cells. (Related
to Figure 3) Primary CD4' T cells were infected with either HIV-1xp4.3 or HIV-1x143AVpu at
an MOI=.1. At two, three, five and seven days post infection, cells were surface stained for BST-
2, followed by intracellular staining for HIV-1 p24Gag. Data was normalized by setting MFI
values from uninfected (mock) cells to 100% and is depicted graphically as +/- mean SEM and is
representative of three independent experiments performed in three separate donors.

*¥=p<0.05 **=p <0.01 ¥**=p,0.001
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Figure S4
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Figure S4: Vpu does not increase the endocytosis rate of CCR7. (Related to Figure 4)
Primary CD4" T cells were infected with HIV-Ixr43 at an MOI=.1. Seven days post infection,
cells were or were not treated with CCL19 (1ug/ml) for 10 minutes at 37°C. Next, cells were
stained with an antibody against CCR7 to label all surface bound receptor for 30 minutes at 4°C.
Cells were then washed with cold PBS, split into different tubes and either placed back at 4°C
(Time 0) or at 37°C for 5,15,30 or 60 minutes to induce receptor endocytosis. At each time point,
cells were immediately placed on ice, fixed and placed at 4°C. When all time points were
collected, cells were stained with an Alxa-Fluor647 (AF647) conjugated secondary antibody
followed by permeabilization for detection of p24Gag™®. Data was graphed as: (the MFT value at
each time point (unstimulated or CCL19 stimulated cells) / MFI value of unstimulated cells at
Time 0) x 100. Solid color lines = Unstimulated cells ; Dashed color lines = CCL19 stimulated
cells. Mock = solid / dashed black line ; p24Gag™* = solid / dashed blue line ; p24Gag"™ = solid
/ dashed red line. Figure is representative of two independent experiments performed in two
different donors.
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Figure S5
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Figure S5: In vitro cultured Tcy do not respond to CCL21 as efficiently as they do to
CCL19. (Related to Figure 7) 4 x 10° activated primary CD4 " T cells were incubated for 1 hour
at 37°C in transwell chambers in chemotaxis medium (RPMI 1640 + 5% BSA). Either the
number of total cells present within the lower chambers (A) or a migration index ((B) ; number
of total cells present in lower chambers in response to ligand / number of cells present in lower
chamber with medium alone) is depicted.
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES:

Plasmids: The plasmid pcDNA3.1 (Invitrogen) was used as an empty vector control.
pAcGFP-N1 (Clontech, Mountain View, CA) and pAcGFP-Vpu were previously
described (Shah et al., 2010). The vectors expressing VpuA14F-GFP, VpuRD-GFP and
VpuS52,56N-GFP were generated within the pAcGFP-Vpu by site-direct mutagenesis
PCR (Stratagene) and confirmed by sequencing. All DHIV viruses mutated in Vpu were
generated within the DHIV backbone by QuikChange XL site-directed mutagenesis PCR
(Stratagene) and confirmed by sequencing. The following reagent was obtained through
the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH: pNL4-3 (Cat. # 114)
from Dr. Malcolm Martin. pNL4-3AVpu was constructed by placing a stop codon at the
start of the Vpu sequence. CCR7 cDNA (Sino Biological, Inc.) was PCR amplified and
tagged at the carboxy terminus by subcloning into pGEM-mCherry (Addgene,
Cambridge, MA). To construct pBSXC-CCR7-mCherry, pGEM-CCR7-mCherry was
digested with Xhol and EcoRI and the 1.8kb fragment was ligated into the BSXC vector.
To construct p>CMVG-CCR7-Flag, CCR7 was isolated from pBSXC-CCR7-mCherry by
digestion with Spel and Xhol and then subcloned into pCMVG-GAS2L1 (previously

digested with NotI and Sall).

Generation of in vitro cultured Tcm: Naive CD4" T cells were isolated from peripheral
blood mononuclear cells of healthy, anonymous donors, using the appropriate isolation
kit (Miltenyi Biotec). Cells were cultured for three days in complete medium (RPMI-
1640 supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin-
L glutamine) in the presence of oaCD3/aCD28 immuno-beads (Invitrogen), allL-4

(Peprotech) and alL-12 (Peprotech) as previously described (Bosque and Planelles,
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2009). At day 3, activating and polarizing stimuli were removed and cells were cultured
in presence of IL-2 (30 Ul/ml) for 2 additional days. Cells were then infected with the
specific viruses used in each experiment and then cultured with IL-2 until the time of

analysis.

Viruses and infections: The production of pseudotyped viruses was accomplished by co-
transfection of 20 ug of DHIV and 5 pug of CXCR4-tropic envelope plasmid (named
pLET-LAI) by calcium phosphate mediated transfection of HEK293T cells. Eighteen
hours later, transfection medium was removed and replaced by fresh complete medium.
Cellular supernatants containing the viral particles were recollected 48 hours post
transfection, aliquotted and immediately stored at -80°C. Viral titer was assessed using
the RETROtek p24 ELISA kit (ZeptoMatrix, Buffalo, NY). For the production of
replication competent HIV-1nr4-3 and HIV-1nL4-3AVpu viruses, 25ug of plasmid were
transfected into 293T cells as described above. SupT1 cells were then infected to
determine an optimal infectious dose to use in primary cells. At day 5 post activation,
primary CD4" T cells generated as explained above were infected by spinoculation: 10°
cells were infected with 500 ng/mL p24 for 2 hours at 2900 rpm and 37°C in 1 mL.
Alternatively, cells were infected with HIV-1nL4-3 and HIV-1nL43AVpu at an MOI=.1 via
spinoculation. Virus was then removed and cells were resuspended in complete medium
supplemented with IL-2 at a concentration of 10° cells/ml. Medium was replaced every 2-

3 days.

Co-immunoprecipitation and immunoblots: Twenty-four hours post transfection, cells

were lysed for two hours on ice in NETN buffer (100 mM NaCl, .5 mM EDTA , 20mM
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Tris-Hcl , .0.5% NP-40) containing protease and phophatase inhibitors (Roche). Protein
concentration was measured by Bradford Assay (Pierce). Anti-Flag was then conjugated
to Dynabeads Protein G (Invitrogen) for 30 min at RT with rotation. Next, cell lysates
(100 pg) were incubated with the anti-flag/dynabead mixture for 1 hr at 4°C with rotation
to allow for precipitation. Immunoprecipitates and 10 pg total-cell lysates were then run
on a 4-12% denaturing polyacrylamide precast gel (BioRad, Hercules, CA). Proteins
were transferred to a methanol-soaked polyvinylidene difluoride (PVDF) membrane,
followed by blocking in 5% skim milk solution in Tris-buffered saline with .1% Tween
20 (Calbiochem). Membranes were probed overnight with primary antibodies diluted in
2% skim milk solution at 4°C with rotation. The next day, membranes were probed with
secondary antibodies for 2 hrs in 2% skim milk solution. Specific antibody reactions
were detected using Immobilon Western reagents (Millipore) and membranes developed

in a GeneGnome bioimaging processor (Syngene, Frederick, MD).

Metabolic labeling and immunoprecipitation: 293T cells were cotransfected with 1ug
pCMVG-CCR7-Flag and either 1ug pAcGFP-N1 or pAcGFP-Vpu. Twenty-four hours
post-transfection, cells were starved for 30 minutes in methionine- and cysteine-free
DMEM medium (Life Technologies). Cells were then pulse labeled with 100uCi/ml [**S]
for 30 minutes at 37°C and then immediately harvested (Time 0) or complete DMEM
medium (Life Technologies) added to cells for the start of the chase period, which lasted
24 hours. At the time points indicated, cells were washed in PBS and pelleted by
centrifugation, followed by lysis in radioimmunoprecipitation assay (RIPA) buffer (50
mM Tris-HCI [pH 8], 159 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% deoxycholic acid)

containing protease and phophatase inhibitors (Roche) on ice for 5 minutes. Soluble
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protein was then collected following centrifugation and lysates stored at -80°C. To
immunoprecipitate CCR7, protein concentration was first measured by Bradford Assay
(Pierce). Anti-Flag antibody (Sigma) was then conjugated to Dynabeads Protein G
(Invitrogen) for 30 min at RT with rotation. Next, cell lysates (150 pg) were incubated
with the anti-flag/dynabead mixture for 1.5 hrs at 4°C with rotation to allow for
precipitation. Immunoprecipitates were then run on a 4-12% denaturing polyacrylamide
precast gel (BioRad, Hercules, CA). Gels were fixed (20% MeOH ; 7.5 % Glacial Acetic
Acid) for 30 minutes and dried for two hours on a Gel Dryer (BioRad). Finally, gels were
developed in a storage phosphor screen (Molecular Dynamics) and scanned using a
Typhoon Phosphorimager (GE Healthcare), followed by densitometric quantification

performed with the ImageQuant software (Molecular Dynamics).

Immunofluorescence Microscopy: Hela cells were grown on glass coverslips and
transfected with CCR7-mcherry and Vpu-GFP plasmids using the Lipofectamine 2000
reagent (Life Technologies). 24 hrs later, cells were washed, fixed with 4%
paraformaldehyde and permeabilized/blocked (10% rabbit serum and 0.2% Triton-X, in
PBS), each for 30 minutes at room temperature (RT). Cells were then immunostained for
1 hour at RT using sheep anti-human TGN46 (Antibody Serotec) followed by a rabbit
secondary antibody coupled to Alexa 647 (Jackson Immunoresearch) for 30 minutes at
RT. Cells were counterstained with Hoescht and mounted on slides using FluorSave

Reagent (Calbiochem).

Calcium mobilization assay: Primary CD4" T cells were infected with a DHIV-HSA

virus encoding the heat-stable antigen (HSA/CD24) in place of Vpr, Two days post
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infection, 3 million cells were loaded with 4 pg/ml Fluo3-AM (Life Technologies) in 1
ml loading buffer (Hank’s Balanced Salt Solution + 1% FBS) for 30 minutes at 37°C in
the dark. Cells were washed and stained with APC-Rat Anti-Mouse CD24 (BD-
Pharmingen) for 15 minutes at room temperature in the dark, followed by two washing

steps. Cells were split at 500,000 cells/tube and resuspended in 500 pl of loading buffer.

Migration assays: Chemotaxis of activated primary CD4" T cells was measured by
migration of cells through a polycarbonate filter of 5 um pore size in transwell chambers
(Corning Costar, Lowell MA). Cells (4 x 10%; 100 ul) were added to the upper chamber
and either medium alone (RPMI supplemented with 0.5% BSA) or medium plus ligand
(50 ng/ml CCL19 or 25 ng/ml SDF1a ; 600 pul total) were added to the lower chambers.
After a 1 hour incubation at 37°C, cells from the lower chamber were fixed,
permeabilized and stained for p24Gag. For cell enumeration, 10° AccuCount Fluorescent
Particles (Spherotech) were collected via flow cytometry to determine the total number of
cells that migrated relative to the input (direct staining of 4 x 10° cells). CEM-CCREF cells
were nucleofected with 2pg of either GFP or Vpu-GFP. Twenty-four later, chemotaxis
was measured as described above except 3 x 10°/100 pl cells were added to the upper
chamber, a concentration of 1000 ng/ml CCL19 was used and cells were incubated for 3
hours at 37°C. Data is depicted as a Migration Index (MI) score, which was calculated

using the following formula: # of cells in sample / # cells in control (absence of ligand).

Antibodies used for flow cytometry: The following human mAb were used:
phycoerythrin-conjugated  (PE)-anti-CD45RO,  PE-anti-CXCR4,  PE-anti-CD27,

allophycocyanin-conjugated (APC)-anti-CCR7 (Caltag, Burlingame, CA), APC-anti-CD4
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(Life Technologies), fluoresceinisothiocyanate-conjugated (FITC)-anti-CCR5 (BD
Biosciences) mouse-(FITC)-anti-p24 antibody (clone KC57, Beckman Coulter), anti-p-
ERK1/2 (Thr202/Tyr204) rabbit monoclonal antibody (Cell Signaling), goat anti-rabbit
secondary antibody coupled to Alexa 647 (Molecular Probes, Invitrogen), goat anti-
mouse secondary antibody coupled to Alexa 647 (Molecular Probes, Invitrogen). The
following reagent was obtained through the NIH AIDS Reagent Program, Division of
AIDS, NIAID, NIH: Anti-Bst-2 (Cat. # 11722) from Drs. Klaus Strebel and Amy

Andrew.

Statistics: A paired Student’s t test was used to perform statistical analysis, with P values

of <0.05 considered statistically significant.
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Abstract

Background: Hijacking of the cullin-RING E3 ubiquitin ligase (CRL) machinery is a common mechanism employed
by diverse groups of viruses for the efficient counteraction and degradation of host proteins. In particular, HIV-1

Vpu usurps the SCFT? £3 ubiquitin ligase complex to mark CD4 for degradation by the 265 proteasome. Vpu also
interacts with and downmodulates a number of other host proteins, including the restriction factor BST-2. However,
whether Vpu primarily relies on a cullin-dependent or -independent mechanism to antagonize its cellular targets has
not been fully elucidated.

Results: We utilized a sulphamate AMP analog, MLN4924, to effectively block the activation of CRLs within infected
primary CD4* T cells. MLN4924 treatment, in a dose dependent manner, efficiently relieved surface downmaodula-
tion and degradation of CD4 by NL4-3 Vpu. MLN4924 inhibition was highly specific, as this inhibitor had no effect

on Nef's ability to downregulate CD4, which is accomplished by a CRL-independent mechanism. In contrast, NL4-3
Vpu's capacity to downregulate BST-2, NTB-A and CCR7 was not inhibited by the drug. Vpu's from both a transmitted
founder (1/F) and chronic carrier (CC) virus preserved the ability to downregulate BST-2 in the presence of MLN4924.
Finally, depletion of cellular pools of cullin 1 attenuated Vpu's ability to decrease CD4 but not BST-2 surface levels.

Conclusions: We conclude that Vpu employs both CRL-dependent and CRL-independent modes of action against
host proteins. Notably, we also establish that Vpu-mediated reduction of BST-2 from the cell surface is independent
of B-TrCP and the CRL- machinery and this function is conserved by Vipu's from primary isolates. Therefore, potential
therapies aimed at antagonizing the activities of Vpu may need to address these distinct mechanisms of action in
order to achieve a maximal effect.

Keywords: CRL, Vpu, MLN4924, Nef, CD4, BST-2, NTB-A, CCR/

Background

Cullin-RING ligases (CRLs) constitute an important
group of ubiquitin ligases and play a prominent role in
the efficient regulation of protein turnover and homeo-
stasis [1]. In particular, a recurring theme among viruses
from distant families is their common ability to usurp
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CRL complexes with the aim of evading host control
mechanisms. Notably, the HIV-1 accessory protein Vif
hijacks a cullin-5 containing ubiquitin ligase complex
(CRL5) to target cytidine deaminases of the APOBEC3
family for proteasomal degradation [2-5]. Similarly, the
HIV-2 accessory protein Vpx relies on a CRL4 complex
to degrade the restriction factor SAMHDI [6, 7].
Activation of CRLs is dependent on a process known
as neddylation. This post-translational modification
involves the covalent addition of the NEDDS protein, a
relative of ubiquitin, onto a lysine residue on the cullin
backbone. Neddylation induces a conformational change

© 2015 Ramirez et al. This article is distributed under the terms of the Creative Commaons Attribution 4.0 International License
(httpy/fereativecommons.ong/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give apprapriate credit to the original author(s) and the source, provide a link to the Creative Commons license,

and indicate If changes were made. The Creative Commans Public Domain Dedication waiver (https//creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this articke, unless otherwise stated.
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in the CRL complex that turns the enzyme catalytically
active, allowing the transfer of ubiquitin to a substrate
[8]. MLN4924, a potent inhibitor of the E1 neddyla-
tion enzyme NAE (Nedd8-activating enzyme), blocks
the activity of all CRLs but does not affect non-cullin
ubiquitin ligases [9]. Previous studies have shown that
MLN4924 can potently block Vif-mediated proteasomal
degradation of APOBEC3G [10]. Furthermore, in the
context of HIV-2, MLN4924 inhibited the degradation
of SAMHDI induced by Vpx, phenocopying the absence
of Vpx in HIV-2 and restoring efficient restriction of the
virus in myeloid cells [11-13].

The HIV-1 accessory protein Vpu, in addition to coun-
teracting the restriction factor BST-2/tetherin [14, 15]
and downregulating CD4, antagonizes multiple immune
system molecules. Binding of Vpu's phospho-serine resi-
dues to the F-box protein p-TrCP forms an SCF#TCP
(CRL1) complex that targets CD4 for proteasomal deg-
radation [16, 17]. With regards to BST-2, counteraction
is thought to be triggered by Vpu's acidic di-leucine motif
manipulating Adaptor-Protein 1 (AP-1) to mislocalize
BST-2 towards a perinuclear compartment (trans-Golgi
network-TGN) [18, 19]. However, the requirement for
B-TrCP in BST-2 antagonism by Vpu has remained con-
troversial. For other Vpu targets, specifically NTB-A and
CCR7, a cullin-independent mechanism of downregula-
tion has been proposed [20, 21].

In this study, we asked whether pharmacological inhibi-
tion of the SCF*T? complex by MLN4924 would reveal
whether cullin activity is important for Vpu to downmod-
ulate its cellular targets. We hypothesized that down-
regulation of BST-2, CCR7 and NTB-A by Vpu would
not be impacted by MLN4924 treatment. Moreover, we
predicted that Vpu downregulation (and degradation) of
CD4 would be relieved by MLN4924. Finally, we sought
to determine whether Vpu-mediated cell surface down-
regulation of BST-2 is a function that can be dissociated
from BST-2 degradation and that is cullin-independent.

Results

Pharmacological inhibition of CRL-activity disables NL4-3
Vpu'’s ability to downregulate CD4, but not BST-2, CCR7 or
NTB-A

To determine whether Vpu can act as multifunctional
protein capable of downregulating host proteins in the
absence of neddylation and a functional SCFFT" com-
plex, primary CD4" T cells were infected with either
an HIV-1y;, s-derived, replication-defective virus car-
rying GFP in place of Nef (DHIVGFP(Vpu+/Nef—);
Fig. 1a), or with an isogenic virus lacking both Nef and
Vpu (DHIVGFP(Vpu—/Nef—); Fig. 1b) [21]. All viruses
were pseudotyped with the vesicular stomatitis virus
glycoprotein G (VSV-G). We utilized the above nef- and
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env-deficient viruses such that the known activities of
Nef and Env on CD4 would not interfere with that of
Vpu (reviewed in [22]). Two days post infection, cells
were incubated in either DMSO (solvent) or MLN4924
and protein surface expression analyzed by flow cytom-
etry 24 h later. As expected, the virus devoid of Nef and
Vpu (DHIVGFP(Vpu—/Nef—)) showed similar surface
levels of CD4, BST-2, CCR7 and NTB-A when compar-
ing GIP-negative (uninfected) and -positive (infected)
cells (Fig. 2a, panels ii, viii, xiv, xx). Downregulation of
CD4, BST-2, CCR7 and NTB-A was apparent in cells that
were infected with DHIVGFP(Vpu+/Nef—) and treated
with DMSO (Fig. 2a, panels iii, vix, xv, xxi). However,
MLN4924 relieved downmodulation of CD4 in a dose-
dependent manner (Fig. 2a, panels iii—vi, b). In contrast,
downregulation of BST-2, CCR7 and NTB-A was unaf-
fected by MLLN4924 treatment (Fig. 2a, panels vii—xxiv,
b). These results indicate that Vpu utilizes both cullin-
dependent and -independent mechanisms for down
modulating host proteins.

MLN4924 relieves NL4-3 Vpu, but not Nef mediated,
degradation of CD4

To determine whether MLN4924 also prevented the deg-
radation of CD4, primary CD4" T cells were infected
as described in Fig. 2 but were instead permeabilized,
fixed and stained for total levels of CD4. Figure 3 shows
that inhibition of neddylation rescued CD4 from Vpu-
induced degradation (Fig. 3a, panels ix—xii, b). As a fur-
ther control to show specificity of cullin inactivation by
MLN4924, primary CD4" T cells were infected with
either env-defective HIV-1 (DHIV; Fig. 1e), lacking Vpu
but expressing Nef (DHIV Vpu—/Nef+; Fig. 1f) or an
isogenic virus lacking Nef and expressing Vpu (DHIV
Vpu+/Nef—; Fig. 1g). Nef accelerates the endocytosis of
target CD4 molecules present on the plasma membrane
via clathrin and Adaptor-Protein 2 (AP-2), ultimately
shuttling CD4 for lysosomal degradation in a multivesic-
ular body (MVB) dependent manner [23, 24]. We there-
fore hypothesized that a virus encoding only Nef (DHIV
Vpu—/Nef+) would be able to downmodulate CD4 in a
manner that would be insensitive to MLN4924 treat-
ment. This expectation was corroborated as shown in
Figs. 3c (panels vii and viii), d.

Primary Vpu isolates maintain the ability to downregulate
BST-2 in the absence of CRL-activity

A recent study showed that Vpu alleles from field strains
of HIV-1 have the capacity to modulate host proteins, in
particular CD4 and BST-2, to a greater extent than the
prototypical HIV-1y,, 5 Vpu [25]. We therefore wished
to determine whether the CRL-dependent and inde-
pendent mechanisms observed with HIV-1y,, 5 Vpu
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Fig. 1 Lentiviral constructs and Vipu amino acid alignments. a The lentiviral vector DHIV, or ‘defective” HIV, was clenved from the HIV-1,, 4.5 sequence
and cut between two Bglll sites to efficiently delete envelope/gp120 (gray box with dashed fines, red X marks) but maintain in-frame Tat, Rev and RRE
ORFs. The constructs used in this study were derived from the DHIV backbone and are as follows: f the GFP gene in place of Nef. if Replacement of
NL4-3Vpu with a primary Vipu isolate or il Introduction of a frame shift mutation within Vpu and Nef. a DHIV-GFP (Vou4/Mef—). b DHV-GFP (Vpu—/
Wef—). e DHIV-GFP WITO (Vpu+/Nef—). d DHIV-GFP WARO (Vpu+/Nef—). @ DHIV. f DHIV (Vpu—). g DHIV (Mef—). h Amino acid sequence alignment
of Vpu proteins from a transmitted founder (T/FWITO) and chronic carrier (CC; WARO) compared to NL4-3 Vpu. An asterisk indicates fully conserved
residues; cofon represents amino acid conservation with strongly similar properties; period designates amino acid conservation with weakly similar

properties. Highlighted residues mark amino acid differences between the three strains.

(Fig. 2a) would be maintained with Vpu alleles from pri-
mary isolates. To address this, we replaced Vpu in DHIV-
GFP(Vpu+/Nef—) with Vpu's from either a transmitted
founder ('T/F; WITO) [26-30] or from a chronic carrier
(CC; WARO) [31] virus. These new viruses were termed
DHIV-GFP WITO (Vpu+/Nef—; Fig. 1c) and DHIV-GFP
WARO (Vpu+/Nef—; Fig. 1d). We observed that Vpu's

from both a T/F (DHIV-GFP WITOQ) and CC (DHIV-GFP
WARQ) exhibited an enhanced ability to downregulate
CD4 when compared to HIV-1,;, ; Vpu (Fig. 4a, panels
iii-v, b upper left). This effect was previously reported
by Jafari et al., who proposed that primary Vpu isolates
may adopt an optimized tertiary structure better suited
to counteract CD4 as a result of differences between their
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Fig.2 HIV-1Vpu utilizes both cullin dependent and independent mechanisms to downregulate host proteins. a Primary CD4™ T cells were either
maock infected or infected at an MOI of 1 with DHIVGFP(Vpu+-Nef—) or DHIVGFP(Vpu—Nef—). 2 days post infection, either DMSO or increasing con-
centrations of MLN4924 were added to cell cultures. 24 h later, surface expression of CD4, BST-2, CCR7 or NTE-A was analyzed by flow cytometry. His-
tograms depict a comparison of GFP negative (blue line) and GFP positive (red line) cells along with an I9G isotype control (gray shaded histogram).
Unless ctherwise noted, all experiments invalving primary CD4™ T cells are representative of three separate experiments performed in three different
healthy donors. b Relative mean fluorescence intensity (MFI) values of surface expression of CD4, BST-2, CCR7 or NTB-A from DHIVGFP(Vpu+Nef—)
infected cells (a). Data was normalized by setting the MFI values from uninfected (maock) cells to 100% and is depicted graphically as £5EM. Unless
otherwise noted, all experiments including statistics were performed through a pairwise Student's t test comparing GFP positive and GFP negative

| cells to assess significance: *p < 0.05, **p < 0.01,***p < 0.001, ****p < 0.0001.

amino acid sequence and that of HIV-1y, , 5 Vpu [16, 32,
33] (Fig. 1h). MLN4924 treatment had a dramatic effect
on the ability of both a T/F and CC Vpu to downregu-
late CD4 (Fig. 4a, panels viii-x, b lower left). Both a T/F
and CC Vpu were able to decrease the cell surface den-
sity of BST-2 to about the same extent as HIV-1,;, ; Vpu
(Fig. 4a, panels xiii—xv, b upper right). However, the addi-
tion of MLN4924 in cells expressing Vpu did not restore
surface levels of BST-2 to any significant degree (Fig. 4a,
panels xviii-xx, b lower right). These results reinforce
the fact that primary Vpu isolates also possess the abil-
ity to counteract host proteins by CRL-independent
mechanisms.

siRNA mediated knockdown of cullin 1 reduces CD4,

but not BST-2, surface levels in the presence of Vpu
Although MLN4924 is primarily used and known as
an NAE (and thus pan-CRL) inhibitor, at IC;, values of
1.5 and 8.2 M the drug can also block the functions of
the NAE-related enzymes, ubiquitin-activating enzyme
(UAE) and SUMO-activating enzyme (SAE) [9]. There-
fore, as an alternative approach to chemical inhibition,
we assessed Vpu function in cells depleted of cullin 1.
Hel.a-CD4 cells were transfected twice (24 h apart) with
either a non-targeting siRNA or siRNA targeting cullin
1, followed by infection with either DHIV-GFP WARO
(Vpu+/Nef—) or DHIV-GFP (Vpu—/Nef—). As shown in
Fig. 5, knockdown of cullin 1 attenuated Vpu’s capacity
to downregulate CD4 from the cell surface (Fig. 5a, com-
pare panels ii and v), but had no effect on downregulation
of BST-2 (Fig. 5a, panels viii and xi). We conclude that
Vpu's ability to decrease surface levels of BST-2 is inde-
pendent of CRL-activity.

Discussion

Vpu acts as a functional protein that interferes with
cellular targets through multiple mechanisms. The di-
serine motif of Vpu renders Vpu capable of recruit-
ing the E3 ubiquitin ligase complex substrate adaptor
B-TrCP for target ubiquitination and eventual pro-
teasomal (for CD4) [17, 34, 35] or endosomal sorting
complexes required for transport (ESCRT) mediated

endo-lysosomal degradation (for BST-2) [36-40]. Pre-
vious studies have also shown, however, that Vpu-
mediated surface downregulation of BST-2 can be
uncoupled from BST-2 degradation [41-43]. The expla-
nation lies in the fact that Vpu induces the mislocali-
zation of BST-2 within a perinuclear compartment (i.e.
trans-golgi network (TGN)) [36, 41, 44-46]. As a con-
sequence, both recycled and newly synthesized BST-2
are retained within the TGN, thereby decreasing total
levels of BST-2 at the cell surface [45-47]. A recent
report by Jia et al. denoted interaction of Vpu with the
clathrin Adaptor-Protein complex 1 (AP-1) [19]. Bind-
ing of AP-1 and Vpu occurs through a conserved motif,
E-oxxxLgsVey (ELV), within Vpu's C-terminal domain,
previously reported to be important in BST-2 surface
downmodulation and viral release [18]. In our pre-
sent study, we found that pharmacological inhibition
of CRL- activity or knock down of cullin 1 hindered
Vpu's capacity to downregulate CD4, but not BST-2.
Therefore, our findings support a model whereby cullin
activity (and p-TrCP) are dispensable for Vpu to down-
regulate BST-2.

Numerous studies have shown that the di-serine motif
of Vpu, which mediates interaction with B-TrCP when
phosphorylated, is required for downmodulation and/or
degradation of both CD4 and BST-2 [17, 48-52]. Thus,
mutation of the di-serine motif abrogates degradation
of CD4 [16, 53], confirming a role for B-TrCP. On the
other hand, Tervo et al. found that depletion of B-TrCP2
or the simultaneous depletion of B-TrCP1 and 2 did
not block the ability of Vpu to promote HIV-1 release
and failed to restore surface levels of BST-2 [43]. These
results, taken together, suggest that the di-serine motif of
Vpu is directly involved in interaction with B-TrCP, but
that mutations in this motif affect the downregulation
of BST-2 through possibly a more general effect on Vpu
protein conformation or perhaps the binding of another
cellular factor implicated in the mislocalization of host
proteins [43]. Therefore, our observation that downregu-
lation of BST-2, CCR7 and NTB-A is CRL-independent
does not contradict the notion that the di-serine motif of
Vpu is required for this function [15, 21, 54].
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Fig.3 MLN4524 alleviates Vpu- but not Nef-medlated degradation of CD4. a Cultured T, were Infected as described In Fig. 2a. To assess total
levels of CD4, cells were permeabilized and stained 24 h after addition of MLN4924 and analyzed by flow cytometry. Histograms are color-coded as
described In Fig. 2a. b MFI values of total (intracellular) CD4 expression levels from DHIVGFP{Vpu+-Nef—). Data was normalized and statistical signifi-
cance obtained as described In Fig. 2b. n.s. nat significant. € Primary CD4+ T cells were either mack infected or infected ar an MOl of 1 with DHIVWT,
DHIVVpu—/Nef+ or DHIV Vpu+/Nef—. 2 days post infection, cell cultures were treated with either DMSO or 500 nM MLN4924. 24 h post MLN4924
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Fig.4 Primary Vpu isolates maintain the ability 1o decrease surface expression of C04 and BST-2 in a CRL-dependent and independent manrer. a

Prirnary CD4% T cells were either mock infected or infected at an MOl = 1 with DHIV-GFP (Nef—/Vpu—=), DHIV-GFP (Nef—/Apu+) or viruses encoding

Vpu taken from either a transmitted/founder (T/F) (DHIV-GFP WITO (Nef—/Vpu+)) or a chranic carrier (CC) primary isolate (DHIV-GFP WARO (Nef—/

Vpu+)). The cells were treated with either DMSO or 500 nh MLN4924 48 h post infection. 24 h post MLN treatment, the cellular GFP negative and

positive populations (red and blue histograms) were assessed for surface levels of CD4 and BST-2 via flow cytometry. An IgG control was included

to set the baseline for positive staining (gray shaded histogram). b Relative CD4 and BST-2 surface levels were quantified, normalized, and scored
statistically as described in Fig. 2b.
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Structurally, phosphorylation of Vpu at serine 52 and
56 induces a conformational change in Vpu's C-terminus:
the formation of a B-strand within residues 50-59 and
displacement of the third alpha helix (h3) away from the
phosphorylation site [55]. The structural rearrangements
induced by phosphorylation result in the emergence of
acidic side chains surrounding serine 52 and 56, creat-
ing an electronegative binding region upon which a pro-
tein exhibiting electropositive potential can bind [55]. In
particular, phosphorylated serines 52 and 56, glycine 53,
asparagine 54 and the hydrophobic residues isoleucine 46
and leucine 45 were shown to be involved in the binding
to the F-box protein B-TrCP [56]. Our observations with
MLN4924 and cullin knockdown argue against a role for
cullin mediated ubiquitination in the downregulation
of BST-2 from an independent line of experimentation
other than mutagenesis.

Given that Vpu does not induce the degradation of
CCR7 or NTB-A but rather retention within the TGN,
our data suggest that these molecules are also downregu-
lated in a CRL-independent manner (Fig. 2a) [20, 21, 54].
A recent report by Bachle et al. identified a conserved
C-terminal AWF motif present within HIV-1 subtype B
Vpu isolates that influences the ability of Vpu to down-
regulate the lipid antigen receptor CD1d [57]. Therefore,
whether Vpu's AWF or ELV motifs, which are CRL-inde-
pendent, are required for downmodulation of CCR7 and
NTB-A remains to be determined. It will also be compel-
ling to investigate the requirement for B-TrCP and the
SCF*TCP complex in downmodulation of other reported
targets of Vpu, such as CD1d, CD155, CD62L and mem-
bers of the tetraspanin family [58-61].

Conclusions

This work shows that cullin inactivation, through either
pharmacological inhibition or depletion of cullin 1, does
not render Vpu unable to downregulate BST-2, CCR7 or
NTB-A. This highlights that facts that Vpu is multifunc-
tional and that therapeutic targeting of neddylation, while
potent and specific against CD4 downmodulation by
Vpu, would still allow other targets to be downregulated.

Methods

Antibodies and reagents

Antibodies used in this study were as follows: APC-
labeled mouse anti-human CCR7 (clone 150303; R & D
Systems Inc.), mouse anti-human NTB-A-APC (clone
292811; R & D Systems Inc.), APC-labeled mouse anti-
human CD4 (clone $3.5; Life Technologies), rabbit anti-
human BST-2 (NIH AIDS Reagent Program, Division of
AIDS, NIAID, NIH; Drs. Klaus Strebel and Amy Andrew
(Cat. # 11721)), goat-anti-rabbit Alexa Fluor (AF) 647
(Molecular Probes, Invitrogen), mouse APC-conjugated
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isotype control (clone 20102; R & D Systems Inc.), rab-
bit AF-647-conjugated isotype control (Cell Signaling
Technology), rabbit anti-human cullin 1 (abcam) and
mouse anti-human p-actin (Sigma Aldrich). MLN4924
was purchased [rom Cayman Biologicals. The dry solvent
was then resuspended in DMSO at a stock concentration
of 20 mM, further aliquotted and diluted at 200 uM and
used as indicated. ON-TARGETplus SMARTpool siRNAs
targeting human cullin 1 or control non-targeting siR-
NAs were purchased from Dharmacon.

Cells and plasmids

Human embryonic kidney 2931 (HEK293T) cells were
maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) containing 10% fetal bovine serum (Atlas Bio-
logicals) supplemented with 100 U/ml penicillin, 100 g/
ml streptomycin and 2 mM L-glutamine (Life Technolo-
gies). HeLa-CD4* clone 1022 (obtained through the
NIH AIDS Reagent Division of AIDS, NIAID, NIH (Cat.
#1109; Dr. Bruce Chesebro) were cultured in RPMI com-
plete media in the presence of 1 pg/ml G418 (Life Tech-
nologies) while CCRF-CEM and primary CD4" T cells
were cultured in RPMI complete media only. All cells
were maintained at 5% CO, at 37°C. For all experiments
involving primary CD4" T cells, coverage was main-
tained under protocol #IRB_00067637 approved by the
University of Utah Institutional Review Board. The gen-
eration of cultured T,, has been described previously
[21].

The DHIV plasmids used in this manuscript have
been described previously (Ramirez et al; Cell Reports
2014). To construct DHIV-GFP WITO (Vpu+/Nef—)
and DHIV-GFP WARO (Vpu-/Nef-), we first re-ligated
DHIV-GFP (Vpu+/Nef—) after Xhol and Smal diges-
tion to create a unique EcoR1 site. A novel Mlul site
after Vpu (ACC TGT to ACGCGT) was then introduced
using site-directed mutagenesis (Stratagene) according
to the manufacturers’ instructions with the following
primers: FWD 5-CAG TCTATTATGGGGTACGCG
TGTGGAAGGAAGCAACC and REV 5-GGTTGCT
TC CTTCCACACGCGTACCCCATAATAGACTG. To
replace HIV-1;,.; Vpu with Vpu's from primary iso-
lates, we obtained full length transmitted founder (T/F;
pWITO.c/2474; Cat# 11739, Dr. John Kappes and Dr.
Christina Ochsenbauer) or chronic carrier (CC; pWARO;
Cat # 12419, Dr. Beatrice Hahn) HIV-1 infectious
molecular clones (IMC) from the NIH AIDS Reagent
Program. HIV-1,r Vpu was PCR amplified using the
following primers: FWD 5-GCAGGAGTGGAAGCCAT
AATAAGAATTC and REV 5-ACAACGCGTCTACTC
ATCATTAACATCCCAAGGAGC (EcoR1 and Mlul
sites italicized, respectively) and subcloned into DHIV-
GFP(Vpu+/Nef—) to create DHIV-GFP WITO(Vpu+/
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Nef—). DHIV-GFP WARO(Vpu+/Nef—) was constructed
in a similar fashion with the following HIV-1y,. o Vpu
primers: FWD 5-GGAGTGGAAGCCATAATAAGA
ATTCTGC and REV 5-ACGACGCGTCTACAGATCA
TTAATATCCCAAGGAGCATC. All constructs were
confirmed via sequencing.

Flow cytometry

Surface levels of CD4, BST-2, CCR7 and NTB-A were
assessed by staining cells with their appropriate anti-
bodies at 4°C for 30 min in buffer (1 x PBS + 3% FBS).
An additional step including a secondary antibody was
necessary to detect BST-2 surface levels. A viability dye,
eFlour 450 (eBioscience) was then used to distinguish live
from dead cells. Fixation was achieved using 0.5% Para-
formaldehyde (PFA).

In experiments involving surface analysis of CD4 and
detection of intracellular p24, cells were first probed with
anli-APC-CD4, stained with eFluor 450, permeabilized
(Cytofix/Cytoperm: BD Biosciences) and then stained
with mouse-anti-FITC-p24. Total levels of CD4 in pri-
mary CD4™ T cells were measured by staining cells with
eFlour 450, permeabilization and then probing with anti-
APC-CD4. All data was collected on a BD FACS Cantoll
and analyzed with Flow]o software.

Viruses and infections

Viral stocks were generated by co-transfection of 20 pg
DHIV along with 5 pg of a construct expressing vesicu-
lar stomatitis virus G-protein (VSV-G) by calcium phos-
phate mediated transfection into HEK293T cells. Media
(DMEM) was replaced after 16 h and the cellular super-
natant collected, aliquotted and stored at —80°C 48 h
post-transfection. Viral titers and MOl were determined
via infection of CCRF-CEM cells. Primary CD4" T cells
generated as described above were infected 5 days post-
activation at an MOI of 1 via spinoculation: 10° cells
(1 ml final volume) for 2 h at 37°C in the presence of
8 pg/ml Polybrene (Sigma). After infection, cells were
then resuspended in RPMI complete medium supple-
mented with IL-2 (30 U/ml).

siRMA mediated cullin 1 depletion

HeLa cells (5 x 10°) were transfected twice (24 h apart)
with either control siRNA or siRNAs against cullin 1 at a
final concentration of 100 nM using Lipofectamine 2000
(Invitrogen) according to the manufacturers’ instruc-
tions. The medium was changed 4 h after each trans-
fection. 4 h post the second transfection, the cells were
either mock infected or infected with DHIV-GEP (Vpu—/
Nef—) or DHIV-GFP WARO (Vpu+/Nef—) for 4 h at
37°C at an MOI = 0.8. After 48 h, the cells were either
processed for flow cytometry or lysed and subjected to
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Western blot to detect cellular levels of cullin 1 between
samples.
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CHAPTER 4

DISCUSSION
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4.1 Strategies mediated by HIV-1 for viral persistence

HIV-1 has emerged as one of the most successful infectious disease agents to
afflict humanity in the modern world, with a global death toll of over 39 million (World
Health Organization (WHO), as of 2013). For a virus that causes chronic life-long
infections (35 million individuals are currently living with the disease), many factors
contribute to why HIV-1 causes a general lack of host immunological control. Some of
these include: (1) Latency. As a retrovirus, HIV-1 integrates into the host genome of
target cells. The absence of viral gene expression during this relatively “dormant” state
and the cellular reservoirs harboring HIV-1 (long lived resting memory CD4" T cells)
contribute to the difficulty in viral eradication by the immune system (Chun et al., 1998;
Chun et al., 1997). (2) Mutagenic escape variants: reverse transcriptase (RT) lacks
proofreading capability and has evolved the ability to “jump” (switch templates) during
reverse transcription (Huber et al., 1989). As a consequence, HIV-1 is highly
recombinogenic, leading to viral quasispecies that are inadequately recognized by
neutralizing antibodies and cytotoxic T lymphocytes (CTLs) (Domingo et al., 2012). (3)
Concealment: Conserved domains within HIV-1 envelope are typically hidden under
variable loops, only being transiently exposed during viral entry. Thus, epitopes targeted
by neutralizing antibodies are largely inaccessible (Johnson and Desrosiers, 2002). (4)
Cell tropism: HIV-1 infection results in the rapid decline of CD4" T cells, the primary
cellular target of the virus (Ho et al., 1995; Wei et al., 1995). Helper CD4" T cells
indirectly assist in multiple aspects of viral clearance through the release of cytokines,
stimulating robust humoral and cell-mediated immunity (O'Shea and Paul, 2010).

Consequently, their elimination severely hampers immunity against any opportunistic
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infections. (5) Immune evasion through virally encoded factors: HIV-1 possesses
accessory proteins that serve to specifically impair innate and adaptive immunity as well
as counteract intrinsic restriction factors. Therefore, from an evolutionary standpoint, the
acquisition of accessory genes is perhaps one of the main factors that drive persistent
HIV-1 pathogenesis. Hence, a continual understanding of the exact role and functions
accessory proteins play in promoting viral persistence may help in the future

development of new therapeutics to stem viral replication and dissemination.

4.2 CCR7: a new cellular target of the HIV-1

accessory protein Vpu

In this work (Chapter 2), we describe Vpu-mediated reduced cell surface
expression of the chemokine receptor CCR7 on primary CD4" T cells. CCR7 is a
chemokine homing receptor that mediates the coordinated recirculation of T cells
(specifically naive and central memory T (Tcm) cells) between the blood and secondary
lymphoid organs (SLO) (Legler et al., 2014). We found Vpu to be both necessary and
sufficient for this function.

Downregulation of CCR7, however, did not correlate with a concomitant decrease
in total CCR7 levels, but rather a relocalization of the protein within a perinuclear
compartment: the trans-Golgi Network (TGN). Consequently, we found that HIV-1-
infected cells were impaired in their ability to migrate towards a CCL19-mediated
gradient in vitro. The downregulation of CCR7 by Vpu may therefore be a way for the
virus to hinder the generation of a proper immune response by impairing the ability of T
cells to migrate into SLO. Conversely, CCR7 downregulation on T cells that become

infected within lymphoid tissues may allow their egress into efferent lymph vessels,
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promoting systemic viral spread. Regardless, important mechanistic and biological

questions regarding this function of Vpu remain, which will be further discussed here.

4.2.1 What domains/residues/motifs within Vpu are
important for downregulating CCR7?

Vpu is a Type I integral membrane protein that possesses an N-terminal
transmembrane domain (TMD) as well as two cytoplasmic a-helices separated by a
conserved region harboring a pair of constitutively phosphorylated serine residues (Dubé
et al., 2010a). Vpu’s serine residues are necessary to “mimick” a canonical
phosphodegron motif that recruits an Skp1-Cullin1-F-box (SCFPTP) E3 ubiquitin ligase
to degrade CD4 (Margottin et al., 1998). Randomization of Vpu’s TMD (VpuRD), but
not mutation of its serine residues, inhibits CCR7 downregulation (Ramirez et al., 2014).
This suggests the TMD in Vpu is required to modulate CCR7, whereas recruitment of an
SCFHTCP E3 ubiquitin ligase complex is likely not necessary. The latter was further
supported by the ability of Vpu to downmodulate CCR7 despite pharmacological
inhibition of Cullin-RING ligase (CRL) activity (Ramirez et al., 2015).

Besides Vpu’s TMD and phosphoserine residues, recent reports have identified
other functional regions, specifically within the cytoplasmic portion of Vpu, that are
important for downregulating the restriction factor BST-2 and CD1d (Béchle et al., 2015;
Kueck and Neil, 2012). First, this includes a Vpu motif (EsoxxxLe3Ves) that resembles an
acidic-dileucine sorting signal ((D/E)xxxL(L/I/M)). These signals usually facilitate
binding to Adaptor Protein (AP) complexes (Canagarajah et al., 2013). Accordingly, Vpu
utilizes the ELV motif to interact with AP-1; sequestering BST-2 within a perinuclear

compartment (TGN) and reducing its density on the cell surface (Jia et al., 2014).
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Mutation of this motif, however, only had a partial effect on impairing Vpu’s ability to
downregulate CCR7 (Figure 4.1). Thus, future studies should focus on depleting cellular
pools of AP-1 to fully delineate the necessity of this co-factor in Vpu-mediated CCR7
downregulation.

Second, Bachle and colleagues utilized chimeras between active (Subtype B) and
inactive (Subtype C) Vpus to identify a conserved C-terminal APW motif important for
CD1d downmodulation (Bdchle et al., 2015). It is tempting to speculate that the APW
motif may also play a role in modulating CCR7, given that Vpu also mislocalizes, rather
than degrades, CD1d (Moll et al., 2010). Moreover, whether the Vpu APW motif
physically binds CD1d or is necessary to interact with some other cellular factor

implicated in host vesicular trafficking has yet to be shown.

4.2.2 Does Vpu affect de novo synthesized or recycled CCR7
from reaching the PM?

Reports on CCR7 biology have shown that the chemokine receptor is relatively
stable on the PM unless engagement with one of its ligands (CCL19 / CCL21) occurs
(Otero et al., 2006). Consequently, we found that Vpu does not increase either the
constitutive or CCL19-mediated internalization rate of CCR7, consistent with other
targets of Vpu such as BST-2, NTB-A and CD1d (Dube et al., 2009; Mitchell et al.,
2009; Moll et al., 2010; Ramirez et al., 2014; Shah et al., 2010). Nonetheless, future
studies should examine in greater detail the internalization rate of CCR7 at longer time-
points (our experiment was carried out in a time frame of 60 minutes) to evaluate: i.) The
steady-state endocytosis of CCR7 and ii.) Although not likely, whether Vpu has any

influence on increasing this rate.
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Our studies also included the treatment of cells with cyclohexamide (CHX), a
protein synthesis inhibitor, to determine whether Vpu degrades CCR7. We found no
difference in the total levels of CCR7 within HIV-1 infected cells regardless of CHX
treatment (Ramirez et al., 2014). While this suggests a mechanism distinct from
degradation, it does not exclude the ability of Vpu to inhibit de novo synthesized CCR7
from reaching the PM. In other words, if in the presence of CHX, surface levels of CCR7
were restored (or partly restored) within Vpu-expressing cells, this would be consistent
with Vpu blocking the anterograde trafficking of newly synthesized CCR7 molecules. On
the other hand, if CHX treatment had no effect on Vpu downregulating CCR7, this may
suggest that Vpu impairs the recycling of CCR7 back to the cell surface, a phenomenon
that has been reported for both BST-2 and CD1d (Dubé¢ et al., 2010b; Moll et al., 2010).
Moreover, the ability to infect cells with an inducible HIV-1 provirus may provide
another alternative for answering some of these mechanistic questions, whereby the
ability to chronologically monitor CCR7 downregulation by Vpu could be studied in

greater temporal and spatial details (Dube et al., 2011).

4.2.3 Does Vpu affect the glycosylation pattern of CCR7?

It was recently reported that Vpu affects the glycosylation pattern of NTB-A,
where only the high mannose form is detectable within Vpu-expressing cells (Bolduan et
al., 2013). Vpu does not degrade NTB-A (Shah et al., 2010), but sequesters the protein in
a perinuclear compartment: the TGN (Bolduan et al., 2013). As post-translational
processing occurs within the TGN, blocking the egress of NTB-A from the ER (Brefeldin
A) or utilizing ER-trapped Vpu mutants (Skasko et al., 2011; Vigan and Neil, 2011)

inhibited Vpu from affecting NTB-A’s glycosylation pattern (Bolduan et al., 2013).
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CCR7 contains one N-linked glycosylation site and, like NTB-A, is mislocalized within
the TGN when Vpu is present (Bolduan et al., 2013; Ramirez et al., 2014). Thus, whether
Vpu has any role in affecting glycosylation of CCR7, or conclusive evidence that
downregulation of CCR7 by Vpu occurs via a post-ER mechanism, remains to be

determined.

4.2.4 Is downmodulation of CCR7 a conserved Vpu function?

The vpu open reading frame is expressed within the genomes of both pandemic
(M) and nonpandemic (N, O and P) HIV-1 groups, as well as some related simian
immunodeficiency virus (SIV) isolates: SIVey: (chimpanzee), SIVgor (gorilla), SIVgsn
(greater spot-nosed monkey), SIVmon (mona monkey), SIVmus (mustached monkey) and
SIVden (Dent’s mona monkey) (Kirchhoff, 2010). It is now widely accepted that HIV-1
M, N, O, and P are a direct result of zoonotic transmission from SIVs found within
central chimpanzees and Western lowland gorillas (Sharp and Hahn, 2010). Remarkably,
Group M Vpu proteins possess the sole ability to counteract BST-2, CD4, NTB-A and
CD1d, whereas Groups N, O, and P are either suboptimal antagonists or lack at least one
of these functions (Sauter et al., 2011; Sauter et al., 2009; Sauter et al., 2012; Yang et al.,
2011). This has led to the speculation that the ability of Group M Vpu to evade intrinsic,
innate, and adaptive antiviral mechanisms, particularly in the counteraction of BST-2, has
been a major cause in contributing to the global AIDS pandemic (Kirchhoff, 2010; Sauter
et al., 2009). Therefore, it would be interesting to determine if Vpu downmodulation of
CCR7 is a unique attribute of pandemic Group M viruses, or whether this Vpu function is
maintained between all HIV-1 Groups as well as vpu-encoding SIV strains. Moreover,

whether non-vpu encoding SIV strains, as well as HIV-2, possess an inherent ability to



85

downregulate CCR7, remains to be determined. Importantly, we have found that Group
M Vpu isolates obtained from a transmitted founder (TF) or chronic carrier (CC) virus
(Parrish et al., 2013) preserve the ability to downregulate CCR7 within primary CD4" T
cells, implying this Vpu function is not just associated with lab-adapted HIV-1 strains

(NL4-3; Figure 4.2).

4.2.5 What is the biological significance of CCR7
downregulation by Vpu in vivo?

The relevance for HIV-1 downregulating CCR7 in vivo remains unknown. We
determined that Vpu-expressing cells display altered migration patterns towards the
CCR?7 ligand CCL19 in vitro (Ramirez et al., 2014). This may reflect a strategy by the
virus to disrupt coordinated lymphocyte trafficking into SLO to evade a proper anti-HIV
immune response. The recent finding of downregulation of CD62L (our own unpublished
results) by both Nef and Vpu (Vassena et al., 2015) further supports this, as CD62L is
necessary (along with CCR7) for lymphocytes to traverse high endothelial venules
(HEVs) and gain entry into SLO.

On the other hand, lymph nodes constitute one of the major sites of HIV-1 viral
replication. Downregulation of CCR7 and CD62L on HIV-l-infected T cells may
therefore favor exit from lymph nodes and entrance into efferent lymph vessels,
promoting systemic viral infection. Indeed, to assess whether T cell trafficking had a role
in the spread of HIV-1, Murooka and colleagues treated BLT (bone
marrow/liver/thymus) humanized mice with a drug (FTY720: fingolimod) that retains
lymphocytes within lymphatic tissues (Murooka et al., 2012). High-level viremia was

prevented only when the drug was given at the time of initial infection, but not when
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administered during a pre-established infection (Murooka et al., 2012). This latter finding
was also observed when FTY720 was administered to simian-human immunodeficiency
virus (SHIV)-infected macaques (Kersh et al., 2009). Taken together, these data suggest
that T cell migration is important for promoting systemic viral dissemination.

Moreover, two phenotypes were observed among T cells infected with GFP-
tagged HIV-1 in BLT mice: a reduction in cell motility (relative to uninfected GFP-
expressing T cells) and the formation of Env-dependent multinucleated syncytia
harboring long membrane tethers (Murooka et al., 2012). The authors concluded that
decreased migratory potential might therefore serve to slow down HIV-1-infected cells
long enough to mediate cell-cell contacts (i.e., virological synapses) for efficient
intercellular viral transfer while still being motile enough to establish systemic viral
dissemination (Murooka et al., 2012). Importantly, reduced cell motility was lost upon
infection with an HIV-1 derived lentiviral vector lacking accessory proteins (Murooka et
al., 2012). It is therefore tempting to speculate that Vpu and / or Nef may play some role
in this phenotype, especially since variable decreased expression of CCR7 on HIV-

infected T cells was observed though not further commented on.

4.3 HIV-1 Vpu: a versatile viral protein

In our second body of published work (Chapter 3), we established that Vpu is a
multifunctional accessory factor capable of interfering with cellular targets via CRL-
dependent and -independent mechanisms (Ramirez et al., 2015). All HIV accessory
proteins can act as viral adaptors by usurping host cellular machinery, with subversion of
the ubiquitin proteasome system (UPS) being a common tactic. CRLs represent one of

the largest classes of E3 ubiquitin ligase complexes within the UPS, and as such regulate
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numerous cellular processes (Bosu and Kipreos, 2008). CRLs may therefore serve as an
“Achilles heel” that viruses can manipulate to facilitate evasion from host defense
mechanisms.

For example, Simian Virus 5 (SV5), a member of the paramyxovirus virus family,
encodes a V protein that uses a cullind-containing (CRL4) complex to induce the
degradation of STAT1/2 (signal transducer and activator of transcription) heterodimers,
hindering induction of the host interferon response (Precious et al., 2005a; Precious et al.,
2005b; Precious et al., 2007). The Kaposi’s sarcoma-associated herpesvirus (KSHV)
latency-associated nuclear antigen (LANA) “mimicks” a component of the cullin5-
containing (CRLS5) complex to target the tumor suppressors von-Hippel Lindau (VHL)
and p53 for degradation, providing a favorable environment for tumor progression in
KSHV-infected cells (Cai et al., 2006). Vaccinia virus (VACV— the smallpox vaccine)
requires Cullin3 and Rbx1 to replicate, though the exact mechanism and substrates (if
any) remain unknown (Mercer et al., 2012). Furthermore, the HIV-1 Vif and HIV-2 Vpx
proteins hijack CRLS5 and CRL4 complexes to degrade the restriction factors
APOBEC3G and SAMHDI, thereby facilitating efficient viral replication (Hrecka et al.,
2011; Laguette et al., 2011; Yu, 2003).

HIV-1 Vpu relies on the SCFP"T? E3 Ubiquitin Ligase complex (also known as a
cullinl-containing complex: CRL1) to induce poly-ubiquitination and subsequent
proteasomal degradation of CD4 (Margottin et al., 1998; Willey et al., 1992). Vpu also
utilizes a CRL1 complex to eventually degrade the restriction factor BST-2, though not in
the same manner as CD4. Instead, Vpu targets BST-2 for endo-lysosomal degradation in

an ESCRT-dependent manner (Caillet et al., 2011; Douglas et al., 2009; Iwabu et al.,
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2009; Janvier et al., 2011; Mitchell et al., 2009). However, whether Vpu-mediated BST-2
degradation was a direct cause or consequence of BST-2 surface downregulation
remained undetermined. Moreover, the requirement of the CRLI complex in Vpu
downregulation of BST-2 remained controversial (Goffinet et al., 2010; Mangeat et al.,
2009; Tervo et al., 2011).

To clarify this dilemma in primary CD4" T cells, we therefore made use of a
neddylation-activating enzyme (NAE) inhibitor (MLN4924) to effectively block CRL
activity (Soucy et al., 2009). Neddylation is a necessary post-translational step that
induces a conformational change within cullins, thereby activating them (Rabut and
Peter, 2008). MLN4924 completely abrogated Vpu’s ability to downregulate CD4 but not
BST-2, CCR7, or NTB-A (Ramirez et al., 2015). Furthermore, primary Vpu isolates
maintained the ability to down-regulate BST-2 in the presence of MLN4924, suggesting
recruitment of CRL machinery had not been lost during adaptation to cell culture.
Finally, siRNA depletion of cellular pools of cullin 1 partially restored CD4, but not
BST-2 surface levels within Vpu-expressing cells (Ramirez et al., 2015). Taken together,
these results suggest that BST-2 degradation is a consequence of BST-2 downregulation,
at least within CD4" T cells.

Vpu therefore utilizes both CRL- and non-CRL-mechanisms to interfere with its
cellular targets and is the only HIV accessory protein presently known to possess these
dual attributes. Similar to HIV Nef, Vpu can alter the intracellular vesicular trafficking of
host proteins, thereby reducing their expression at the cell surface. This versatility makes
Vpu a truly adept protein at modifying the host environment in a manner conducive to

promoting immune evasion. Consequently, further research into this accessory factor will
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undoubtedly help in our understanding, and hopefully in better combating, HIV-1

pathogenesis.
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Figure 4.1: The Vpu ELV motif plays a minor role in CCR7 downregulation.

All lentiviral constructs were derived from the HIV-1nr4-3 sequence and possess a frame
shift mutation within envelope/gp120 but maintain in-frame Tat, Rev, and RRE ORFs.
These were thus termed “defective” HIV, or DHIV. All vectors used in this study also
harbored GFP in place of Nef (termed DHIV-GFP). Terminology is as follows — WT:
DHIV-GFP, Vpu ELV: a virus where the EsoLe3Ves motif within Vpu was mutated to
alanines, AVpu: a virus lacking Vpu. A.) Primary CD4" T cells were either mock infected
or infected with the indicated viruses at an MOI=.5. 72 hrs post-infection, cells were
surface stained for CCR7 or BST-2 and analyzed by flow cytometry. Histograms
represent a comparison between GFP-negative (uninfected) and GFP-positive (infected)
cells. The gray histogram represents an IgG matched isotype control. One representative
experiment out of two is shown. B.) An aliquot of cells from A were lysed, subjected to
western blot and probed for p24 and Vpu. B-actin was used as a loading control.



96

A DHIV-GFP (Vpu+/Nef-) B DHIV-GFP (Vpu-/Nef-)
(TN | ] [ —~—11 m |Fos F ——H
e T L L
& &
C D
DHIV-GFP WITO (Vpu+/Nef-) DHIV GFP WARO (Vpu+/Nef-)

H""ﬁ,.""LJIT_Z:l = iml'*k,.'“L;lIT_Ziil .
- -

E Mock DHIV-GFP DHIV-GFP DHUI\}:.;.%FP DT}:(‘LTSSP
oc (Vpu-/Nef-) (Vpu+/Nef-)
_ (Vpu+/Nef-) (Vpu+/Nef-)
E ”‘E ﬂj: 80 m_i u,i
§ o | ! ] f / \\ 5 |
i g &0 _ &0 -‘, 50 - ) L ‘ J
2= - 40 -] a0 e
- i : E E / \
& n? n—! n—: m—: av? j
nm‘ ' 10¢ w o wt nu‘l‘ 10! 10 10 W 10 0 10t n|o° M 0 e u:l' nm‘ ' w1
CCR7 >
F GFP Negative
s ] R GFP Positive
g 1004
g™
€
% 25
& 0

O

N W <
Figure 4.2: Primary Vpu isolates maintain the ability to downregulate CCR7
Lentiviral constructs used were derived from DHIV (as discussed in Figure 4.1) and are
as follows: 1.) GFP in place of Nef or ii.) Replacement of NL4-3 Vpu with primary Vpu
isolates from either a transmitted founder (T/F; WITO) or chronic carrier (CC; WARO)
virus. A.) DHIV-GFP (Vpu+/Nef -). B.) DHIV-GFP (Vpu-/Nef-). C.) DHIV-GFP WITO
(Vpu+/Nef-). D.) DHIV-GFP WARO (Vpu-/Nef-). E.) Primary CD4" T cells were either
mock infected or infected at an MOI=1 with the indicated viruses. Cells were
subsequently stained to assess surface levels of CCR7 72 hrs post-infection between
uninfected (GFP negative: blue line) and infected (GFP positive: red line) populations. A
matched IgG isotype control is also shown (Gray histogram). F.) Relative mean
fluorescence intensity (MFI) values for CCR7 surface levels from (E). Data were
normalized by setting the MFI values from uninfected (mock) cells to 100% and are
depicted graphically as +/- SEM. A pairwise Student’s t test between GFP negative and
GFP positive cells was used to determine statistical significance: **p<.01.





