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ABSTRACT
Xiaoyu Luo

Intercellular Nef transfer and HIV-1 infection of astrocytes

Acquired immune deficiency syndrome (AIDS) is a pandemic caused by human
immunodeficiency virus type 1 (HIV-1). It is a major health issue in many parts of the
world ever since its discovery in 1981. The most devastating effect of HIV-1 infection is
the graduate loss of CD4+ T cells, which eventually leads to the dysfunction of the
immune system, susceptibility to opportunistic infections and cancer. HIV-1 Nef protein
is long known as an essential pathogenic factor for HIV-1/AIDS pathogenesis. A few
recent studies including ours have demonstrated that Nef can be transferred to
neighboring cells and alters the function of these cells. However, the underlying

mechanism of intercellular Nef transfer is in dispute.

In the first part of our study, we characterized two potential underlying mechanisms for
intercellular Nef transfer: direct cell-cell contact and exosomes using several
complementary strategies and a panel of exosomal markers. First, we showed that Nef
was transferred from Nef-expressing or HIV-infected CD4+ T lymphocytes to CD4+ T
lymphocytes and astrocytes, and that the transfer was mainly associated with tunneling
nanotube formation. Then we determined that Nef enhanced virological synapse
formation and induced cytoskeleton re-arrangement and cell surface protrusions,
suggesting that Nef promotes the establishment of intercellular connection and

communication between infected cells and uninfected cells. Thirdly, we examined the
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possibility of Nef transfer through exosomes. In the exosome uptake assay, Nef transfer
was undetectable while exosome marker CD81 transferred rapidly. In contrast, Nef was
detected in crude exosomes collected from Nef-transfected 293T. In addition, two
different populations of exosomes were successfully separated by OptiPrep gradient
fractionation and determined as AChE+/CD81""/TSG101"" exosomes and AChE-
/CD81""TSG101"¢" exosomes. We determined that Nef was selectively secreted into
the AChE+/CD81""/TSG101"" population. Lastly, microscopic imaging showed no
significant Nef detection in exosomal vesicle-like structures in and out the cell. Taken
together, this study shows that Nef transfer requires direct cell-cell contact such as
tunneling nanotubes, not cell-free exosomes. In addition, this study reveals existence of
two types of exosomes: AChE+/CD81°Y/TSG101°Y exosomes and AChE-

/CD81"eYTSG 1018 exosomes.

In the second part, we characterized HIV-1 infection of astrocytes. Astrocytes are the
most abundant cells in the central nervous system (CNS) and play important roles in
HIV-1/neuroAIDS. Detection of HIV-1 proviral DNA, RNA and early gene products but
not late structural gene products in astrocytes in vivo and in vitro indicates that astrocytes
are susceptible to HIV-1 infection albeit in a restricted manner. We, as well as others
have shown that cell-free HIV-1 is capable of entering CD4- astrocytes through human
mannose receptor-mediated endocytosis. In this study, we took advantage of several
newly developed fluorescence protein-based HIV-1 reporter viruses and further

characterized HIV-1 interaction with astrocytes. First, we found that HIV-1 was



successfully transferred to astrocytes from HIV-infected CD4+ T cells in a cell-cell
contact- and gp120-dependent manner. In addition, we demonstrated that compared to
endocytosis-mediated cell-free HIV-1 entry and subsequent degradation of endocytosed
virions, cell-cell contact between astrocytes and HIV-infected CD4+ T cells led to robust
HIV-1 infection of astrocytes but retained the restricted nature of viral gene expression.
Furthermore, we showed that HIV-1 latency was established in astrocytes. Lastly, we
demonstrated that infectious progeny HIV-1 was readily recovered from latently infected
astrocytes in a cell-cell contact-mediated manner. Taken together, our studies point to the
importance of the cell-cell contact-mediated HIV-1 interaction with astrocytes and
provide direct evidence to support the notion that astrocytes are HIV-1 latent reservoirs in

the CNS.
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INTRODUCTION

1. HIV-1 AND AIDS EPIDEMIOLOGY

1.1 HIV-1/AIDS epidemiology

Acquired immune deficiency syndrome (AIDS) is one of the major public health
concerns caused by the human immunodeficiency virus type 1 (HIV-1) [1-3]. HIV-1is a
member of lentivirus family and consists of two subtypes, which are HIV type one (HIV-
1) and two (HIV-2). HIV-1, initially termed lymphadenopathy-associated virus (LAV)
and human T-lymphotropic virus-III (HTLV-III), is the most virulent and infective HIV-1
subtype accounting for the vast majority of HIV infection in the world, while HIV-2, with
relatively lower infectivity and transmission capacity, is mainly present in Western Africa
[4, 5]. Since its discovery in 1981, HIV has infected 60 million people and caused more
than 20 million deaths worldwide. Globally, an estimated 35.3 million people were living
with HIV in 2012. This number has increased from previous years due to both new
infections and life-saving antiretroviral therapy. The latest statistics shows a 33% decline
in the number of new infections globally, that is 2.3 million in 2012 as compared to 3.4
million in 2001 [6]. At the same time, the number of AIDS deaths has dropped from 2.3
million in 2005 to 1.6 million in 2012 [6]. Combination antiretroviral therapy (cART)
consisting of three or more antiretroviral (ARV) drugs can effectively control the virus
replication and ensure relative healthy and productive lives of HIV infected patients [7].
From 1996 to 2012, antiretroviral therapy averted 6.6 million AIDS-related deaths
worldwide, including 5.5 million deaths in low- and middle-income countries [6]. Despite

successful suppression of HIV by cART, lack of cure, risk of drug resistance and



development of HIV-associated neurocognitive disorders, the HIV pandemic remains to

be a major global public health issue [7].

1.2 Clinical aspects of HIV-1 infection

HIV-1 infection is mainly divided into three stages: acute infection, clinical latency and
AIDS (Fig. 1) [8, 9]. The acute phase usually lasts 2 to 4 weeks post exposure [10]. Up to
90% of HIV-1-infected patients experience flu-like syndromes such as fever,
lymphadenopathy, mucocutaneous lesions, myalgia/arthralgia, headaches, and
gastrointestinal symptoms [10, 11]. During this phase, HIV-1 is rapidly carried to the
gastrointestinal tract and lymphoid organs by virus bearing dendritic cells and
subsequently infects CD4+ T cells [12, 13]. The acute HIV-1 infection causes CD4+
CCR5+ memory T cells loss due to direct HIV-1 replication and apoptosis [12, 14-16].
Infected CD4+ T cells then enter the blood stream resulting in widespread dissemination
of HIV-1 throughout the body [17]. The initial burst of viremia, which corresponds with
high plasma HIV-1 RNA copies, is predominately controlled by the CD8+ T cell
response resulting in a sharp decrease in viral load and a rise in CD4+ T cell counts [18,
19]. Then, patients enter the clinical latency phase, which usually lasts from 2 to greater
than 20 years with few or no symptoms. During this stage, viral loads of HIV-1-infected
patients remain at a low level or even undetectable while CD4+ T cell counts gradually
decline [8, 20]. When the CD4+ T cell counts of HIV-1-infected patients are lower than
200 cells/pl, it is defined as AIDS [8, 21]. The depletion of CD4+ T cells leads to the loss

of cellular immunity, which exposes patients to opportunistic infections such as

bacteria, viruses, fungi, parasites that are normally controlled by immune system [8, 22].
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Figure 1. Clinical course of HIV-1 infection. Clinical course of HIV-1 infection is

illustrated as changes in patients’ CD4+ T cell level and HIV-1 viremia. X axis
presents the time post primary infection. Y axis (left) presents patients’ CD4+ T cell
count per pl in the peripheral blood (green line) and Y axis (right) presents viral RNA
copies per ul in the plasma (red line). Clinical stages are indicated at the bottom.

Adapted from Pantaleo, G et al. 1993 [9].



1.3 HIV-1

HIV-1 is a positive-sense single-strained RNA enveloped retrovirus. Mature HIV-1
virion is approximately 100-200 nm in diameter and consists of a dense cone-shaped core
surrounded by a host cell origin lipid-bilayer membrane known as viral envelope, which
embedded with cellular proteins and approximately 72 copies of viral Env glycoproteins
[23, 24]. HIV-1 core is composed of several structural proteins, two copies of identical
genomic RNA molecules, three important viral enzymes, and accessory proteins such as
viral infectivity factor (Vif), viral protein R (Vpr) and negative regulatory factor (Nef)
(Fig. 2). The HIV-1 RNA genome is about 9.7 kb in length and its proviral DNA consists
of two regulatory regions called the long terminal repeat (LTR) flanking at both sides of
the HIV-1 coding region (Fig. 3) [23-25]. LTR contains the U3, R and U5 regions, which
are essential for cellular transcription factors binding, trans-activator of transcription
(Tat)-mediated trans-activation, and proviral DNA integration [26, 27]. Three structural
genes: gag, pol, and env in the coding region encode all structural proteins required for
making new viral particles. Gag gene encodes the Gag p55 polyprotein (Pr55Gag), which
is then proteolytically cleaved into four cleavage products that form the HIV-1 core
structure, supporting the integrity of tightly assembled virions. They are matrix protein
(MA or pl7) that forms a shell inside the lipid bilayer, capsid protein (CA or p24) that
constitutes the capsid, nucleocapsid (NC or p7), which tightly associates with RNA
molecules and it is essential for stabilization of RNA genome inside the capsid, and p6,
that is required for the viral assembly and release from the host cell at the last stage of the
HIV-1 life cycle [23, 28-30]. Pol gene encodes all three viral enzymes: protease (PR),

reverse transcriptase (RT) and integrase (IN) [23, 24]. Env gene encodes envelope protein
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Figure 2. Scheme of HIV-1 virion. Essential components required for forming a

mature HIV-1 particle are highlighted. They are two copies of viral RNA genome
and three essential enzymes including PR, RT and IN packaged by NC, CA, and
MA. This compacted viral core is then surrounded by a gp120-, gp41-embedded host
origin lipid-bilayer. Several accessory proteins are also packaged into viral particles

including Nef, Vif, and Vpr.
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Figure 3. Scheme of HIV-1 proviral DNA. HIV-1 proviral DNA is composed by

three structural genes including gag, pol, env (Closed boxes) flanked by two LTR
promoters (Open boxes). Additionally, HIV-1 contains 6 unique accessory genes

that are rat, rev, nef, vif, vpr, vpu (gray boxes).



precursor gp160, which is subsequently processed into two essential HIV-1 glycoproteins
gpl120 and gp41, which are required for HIV-1 entry into host cells through classic
membrane fusion pathway [25, 31]. HIV-1 also contains 6 accessory genes, including zat,
rev, nef, vif, vpr and vpu. Each of them encodes a viral accessory protein that plays an

important role in HIV-1 replication and AIDS pathogenesis [32].

1.4 HIV-1 life cycle

In general, HIV-1 infection of CD4+ cells is mainly through the viral-host membrane
fusion pathway. Its life cycle can be divided into 5 stages, which are: 1) binding and
fusion, 2) reverse transcription, 3) integration, 4) transcription and translation, 5)
assembly and budding (Fig. 4).

1.4.1 Binding and fusion

First, the external domain of viral glycoprotein gp120 on virus membrane interacts with
host CD4 receptors, which causes conformational changes that expose the co-receptor
binding site on gpl20 to the co-receptors on the host cell surface [33]. The main co-
receptors are either CXCR4 or CCRS5 dependent on the viral tropism [34]. Binding of
gp120 and its co-receptor leads to further changes in conformation, resulting in gp41 self-
association that triggers the membrane fusion and the release of HIV-1 core into the
cytoplasm of host cells (Fig. 4 I) [35, 36].

1.4.2  Reverse transcription

Virion undergoes an uncoating process after entering the cytoplasm, resulting in

disassembly and loss of viral capsid before entering the nucleus. The reverse transcription
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Figure 4. HIV-1 life cycle. Important steps of HIV-1 life cycle are highlighted: I.

Virus entry into host cells through binding of envelope protein gpl20 to CD4
receptors with the help of gp4l and coreceptors CXCR4/CCRS. II. Reverse
transcription of ss viral RNA into ds viral DNA by RT. IIl. Integration of ds viral
DNA into host genome by IN. IV. Viral mRNA production by host transcription
machinery. V. Viral mRNA export and viral protein translation. VI. Viral particle

assembly and budding.
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complex (RTC) which is a large nucleoprotein structure containing RT, nucleic acids,
Vpr and IN, is formed during the uncoating process [37, 38]. At the same time, RT
mediates reverse transcription that converts single-stranded (ss) viral RNA into double-
stranded (ds) proviral DNA. Briefly, a specific cellular tRNA serves as a primer which
binds to the primary binding sequence on the HIV-1 RNA genome and initiates the
synthesis of the minus strand DNA by RT. The RNA template is then degraded by RNase
H except for two polypurine tracts which serve as primers for the synthesis of plus strand
DNA (Fig. 4 II) [39, 40].

1.4.3 Integration

After the completion of reverse transcription, the viral complex becomes pre-integration
complex (PIC), which is composed of liner ds viral DNA, integrase, and other cellular
components that not only help the translocation of PIC into the nucleus but also assist
PIC-chromatin tethering, integration site determination and integration [41-43]. The
complete components of PIC have not been fully identified (Fig. 4 III).

1.4.4  Transcription and translation

The transcription of integrated viral DNA is accomplished by cellular RNA polymerase
II, and is initially triggered by the binding of cellular transcription factors such as
specificity protein 1 (Spl) and nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB) to the viral LTR promoter, resulting in the production of basal level Tat,
Nef, and regulator of expression of virion proteins (Rev). The activity of Sp1 and NF-xB
-mediated transcription is very low but essential for viral transcription initiation as
removal of Spl and NF-kB sites abolishes virus replication [44]. Accumulation of

sufficient Tat protein leads to further activation of HIV-1 transcription by binding to the
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trans-activation response (TAR) element in the LTR promoter [23]. During transcription,
more than 30 viral transcripts are produced that fall into 3 categories: 1) Completely
spliced mRNA (1.7~2.0kb), which is the only type of transcripts that is produced at the
early stage of HIV-1 transcription that encodes Tat, Rev and Nef, and 2) partially spliced
mRNA (~5kb), which is responsible for the production of Env, Vif, viral protein U
(Vpu), and Vpr, and 3) unspliced mRNA, which produces Gag, Gag-Pol polyprotein or
serves as genomic RNA for new virus assembly [45]. At the early stage of HIV-1
transcription, all viral RNA transcripts are completely spliced before sufficient level of
Rev protein is achieved. Rev saves some full length or partially spliced viral mRNA from
further splicing by binding to Rev responsive element (RRE) in viral RNA and exports
them to the cytoplasm for translation of other viral proteins or serving as an RNA
genome (Fig. 4 IV and V) [23, 46].

1.4.5 Assembly and budding

After translation, newly synthesized Gag polyprotein p55, viral enzymes, full size
genomic RNA, and cellular components such as tRNA (Lys3) primer move to the cellular
membrane to form an immature HIV-1 core [47]. Following the activation of protease,
Gag polyprotein p55 is cleaved into 4 structure core proteins to form a mature compact
HIV-1 virion [48, 49]. Env precursor protein gpl60 is glycosylated within the
endoplasmic reticulum, transported and inserted into cellular membrane followed by
protease cleavage, generating gp120 and gp41 [47, 50]. A set of cellular protein complex
endosomal sorting complex required for transport (ESCRT) is recruited to the budding
site through HIV-L-domain Pro-Thr-Ala-Pro (PTAP) motif—tumor susceptibility gene

101 protein (TsglO1) interaction, which initiates the virus budding from the plasma
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membrane (Fig. 4 VI) [51]. In addition to the classic budding processes described above,
HIV-1 has been recently proposed to be released and transmitted through other
mechanisms including direct cell-cell contact-mediated virus transfer, and budding into
late endosomes and exosomes through multi-vesicular bodies (MVB) biogenesis

pathways followed by MVB-plasma membrane fusion [52, 53].

1.5 HIV-1 pathogenesis

CD4+ T cells are the main targets for HIV-1 infection [14, 54-56]. Massive depletion of
these immune regulating CD4+ T cells in AIDS patients is the most devastating outcome
of HIV-1 infection [57]. A pool of resting CD4+ T cells latently infected by HIV-1 is
considered to be a major impediment to HIV-1 eradication [58, 59]. In fact, the decline of
CD4+ T cell number in the peripheral blood of HIV-1-infected patients is used in clinical
settings as a key indicator of disease progression [60, 61]. Gradual loss of CD4+ T cells
in untreated HIV-infected patients causes adverse effects in both innate and adaptive
immunity. It ultimately leads to opportunistic infections and malignancies which are
characteristics of AIDS [54, 62, 63]. After 30 years of intensive scientific research, the
molecular mechanism underlying CD4+ T cell depletion and HIV-1 pathogenesis is still
largely unknown. The biggest disproportional paradox in HIV-1 pathogenesis of the
immune system that puzzles investigators in the HIV/AIDS field is that, on one hand,
HIV-1 infects and kills CD4+ T cells and the loss of CD4+ T cells are correlated with the
viral load in patients, which apparently suggests that the reduction of CD4+ T cells and
development of AIDS are mainly related to the direct virus-mediated killing. On the other

hand, it is known that there is only 1 in 10*- 10° CD4+ T cells in the blood of HIV-1-
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infected patients expressing viral proteins or viral mRNAs [54, 57, 64, 65]. Such a low
rate of T cell infection should be easily compensated by the natural turnover of the CD4+
T cell pool [66]. This suggests that an indirect pathogenic model is involved in HIV-1
disease progression. Different mechanisms have been proposed to explain how this small
fraction of HIV-infected CD4+ T cells leads to the dramatic depletion of the relatively
huge number of bystander uninfected CD4+ T cells in HIV/AIDS. However, which
mechanism actually accounts for and is clinically relevant to HIV-1 pathogenesis in

human infections are still unclear.

Generally, loss of CD4+ T cells is proposed to occur by one of the following
mechanisms:

1) Destruction of thymopoiesis by direct HIV-1 infection, which aborts the T cell
turnover [67, 68]. In the early studies, decreased circulating naive CD4+ T cells and T
cell rearrangement excision circles were found to be inversely correlated with HIV-1
viral loads due to a combination of direct HIV-1 infections in thymocyte precursors and
apoptosis of uninfected immature thymocytes [67]. Evidence shows that HIV-1 also
suppresses uninfected CD34+ multi-potent hematopoietic progenitor cells, which
potentially contributes to the decrease of progenitor cells input into the thymus [69, 70].
2) Activation-induced cell death (AICD) in uninfected CD4+ T cells. Many of the
molecular steps in cell activation are closely linked to apoptosis. For example, caspase
activation has long been known to associate with apoptosis, and also occurs during cell
activation and proliferation [71, 72]. Many viral proteins such as Tat, Env, have been

reported to prime cells to AICD either by inducing abnormal stimulations or interfering
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with down stream signaling pathways [71, 72].

3) Cell death caused by abortive HIV infection and pyroptosis. A recent study has shown
that abortive HIV infection caused by accumulation of incomplete reverse transcripts
leads to caspase-mediated cell death in human lymphoid aggregated culture prepared
from tonsillar tissue [73, 74]. Activation of caspase 1 triggered a fiery form of programed
cell death termed pyroptosis in the bystander CD4+ T cells in human lymph nodes.

4) Viral protein-induced cell death in uninfected CD4+ T cells. Several HIV-1 viral
proteins are released to the extracellular compartment and are capable of inducing
dramatic effects to uninfected bystander cells. For example, both soluble and membrane
bound gp120 induce bystander CD4+ T cell apoptosis by interacting with cell surface
receptors such as CD4, CXCR4, and CCRS resulting in the activation of either Fas-
dependent or Fas-independent apoptotic pathways [75, 76]. HIV-1 protein Tat is secreted
from infected cells and uptaken by uninfected neighbouring cells which leads to up-
regulation of caspase 8 and FasL in bystander T cells [77, 78]. Tat also can up-regulate
tumor necrosis factor-related apoptosis-inducing ligand on monocytes, which potentially
interacts with, and induces the apoptosis of uninfected T cells [78]. Nef is cytotoxic and
can induce the release of FasL from infected cells [79]. Recently, Nef has been reported
to be capable of transferring itself from infected cells to bystander cells, which might also
contribute to the apoptosis of uninfected CD4+ T cells in HIV-1 pathogenesis [80, 81]. In
addition, other HIV-1 viral proteins have also been reported to potentially contribute to

the CD4+ T cell depletion [82, 83].
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2. HIV-1 Nef

2.1 Nef structure

Nef is a HIV-1 accessory protein of 27 kDa, abundantly expressed at the early stage of
HIV-1 life cycle [84]. It was originally named “negative factor” and later was found to
play a positive role in HIV-1 replication and disease progression [85-87]. Nef gene is
located at the 3’ end of HIV-1 genome overlapped with LTR [88]. Structurally, Nef is
conserved with an N-terminal flexible disordered region, followed by a globular core
domain and a short C-terminal flexible domain [88, 89]. Each domain contains multiple
motifs related to essential Nef functions (Fig. 5) [90]. Briefly, Nef is myristoylated at the
second glycine (G;) at the N terminus, which targets Nef onto the plasma membrane and
is required for most Nef functions [90]. The tryptophan, leucine and glutamic acid
(Wssls7 Eso) in the N-terminal flexible disordered region is located at the hydrophobic
patch of CD4/Nef binding site. They are essential for downregulation of CD4 receptors.
The glutamic acid rich residues (EEEE¢,) are important for downregulation of major
histocompatibility complex (MHC) I molecules and Nef perinuclear localization. The
proline rich residues (PXXP7,) are an SH3 domain binding sequence located in globular
core domain. Nef binding to SH3 domain-containing proteins including Src, Lck, Hck is
essential for the subsequent Nef modulation of their kinase activities. The arginines
(RRs) locates in the core domain are required for Nef function on p21-activated kinases
(PAK) 1/2 activation, which is important for Nef-induced F-actin rearrangement. The
leucine and aspartic acid residues (Ljea/Ligs, D174/D175) at the C-terminal flexible region
are required for interacting with adaptor proteins AP-1 and AP-2, which sort Nef into

clathrin-coated pit essential for Nef-induced CD4 downregulation.

18



N-terminal flexible Globular core C-terminal

disordered region domain flexible region
< > | < > | <€ >
G(2) WielsEsoEEEG, PXXP7;  RRygs Liga/Lies D174/D1zs

19



Figure 5. Nef structural and functional domains. Nef consists of three essential

domains, which are N-terminal flexible disordered region, globular core domain, and

C-terminal flexible region. Important residues in each domain are labeled at the

bottom.
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2.2 Nef functions

Nef has diverse functions, and the three main functions are:

2.2.1 Downregulation of cell surface molecules

Nef alters intracellular protein trafficking by acting as a bridge between intracellular
trafficking adaptor proteins and its target molecules [89]. This function is involved in
downregulation of many critical cell surface molecules such as CD4, MHC 1, MHC 2,
CD28, NKG2D, CXCR4, and CD80, and is involved in alteration of the subcellular
localization of important signaling molecules such as sequestering recycling T cell
receptor (TCR)-CD3 and Src kinase Lck with endosomes [91-94].

2.2.2 Alterations of intercellular signaling

Nef is capable of interfering with multiple cellular signaling pathways, which directly or
indirectly contribute to HIV-1 pathogenesis [95]. For example, Nef induces cytoskeleton
rearrangement through PAK2 signaling [96, 97]. Nef also optimizes T cell activation for
maximal viral production by interacting with TCR signaling cascade [93]. Additionally,
Nef has been shown to interfere with Fas Fas-L signaling which induces bystander T cell
apoptosis and simultaneously prevents apoptosis of infected CD4+ T cells [79].

2.2.3  Infectivity and disease progression

Most importantly, as an essential pathogenic factor, Nef is indispensable for in vivo
disease progression. In SIV-infected rhesus macaques studies, significant reduction of the
pathology is observed due to the Nef deletion [98]. Moreover, Nef defective strains are
isolated from long-term non-progressors, which refer to the HIV-1-infected individuals
without developing AIDS over 10 years post infection [99-101]. Additionally, Nef-

expressing transgenic mice develops AIDS-like syndrome without virus replication [102].
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3. HIV-1/NeuroAIDS EPIDEMIOLOGY

3.1 HIV-1/NeuroAIDS epidemiology

HIV-1 invades central nervous system (CNS) at the early stage of HIV-1 infection and
causes severe cognitive impairment frequently accompanied by motor and behavioral
alterations, known as HIV-associated dementia (HAD) [103-105]. After the introduction
of cART, the incidence of dementia significant declined from 16% to less than 5% in
patients with a diagnosis of AIDS during recent 15 years [106-109]. In contrast, the poor
ability of ARV drugs to penetrate the blood-brain barrier and the prolonged lifespan of
HIV/AIDS patients result in a high prevalence of HIV-associated neurocognitive
disorders (HAND) which is a broader term covers HAD and two other milder form of
impairments: asymptomatic neurocognitive impairment (ANI) and minor neurocognitive
disorder (MND), [110-113]. Currently, approximately 40-50% of HIV-1-infected patients
are suffering from HAND. A cross-sectional study by the CNS HIV anti-retroviral
therapy effects research (CHARTER) reported 52% HAND patients out of 1555 HIV-
infected adults recruited across the United States, 33% of them had ANI, 12% MND and
2% HAD [106, 109]. In light of the persistent effects of HIV-1 on the CNS in the era of
cART, a better understanding of HIV-1 neuroAIDS pathogenesis is undoubtedly

warranted and urgently needed.

3.2 HIV-1 entry into the CNS

HIV-1 primarily infects CD4+ cells in the immune system and spreads through blood
circulation soon after acute infection. Passage of compounds across the interface between

blood and the CNS is restricted by blood-brain barrier (BBB), which consists of brain
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microvascular endothelial cells (BMVEC) that are tightly connected to each other by
tight junctions, pericytes embedded in the basal membrane of the blood vessel as well as
surrounded astrocytes projected to endothelial cells through glia limitans [114, 115].
Evidence shows that HIV-1 is able to overcome this restriction and invades the CNS.
Several mechanisms are proposed for HIV-1 entry into the CNS (Fig. 6) [104].

3.2.1 “Trojan horse” hypothesis: HIV-1 is carried into the CNS by infected blood cells.

Trojan horse hypothesis is the most accepted model for HIV-1 entry into the CNS. It
suggests that HIV-1 is carried into the CNS by infiltration of HIV-infected immune cells
(Fig. 6B-I) [116, 117]. This virus transportation method was previously described for
other retroviruses to gain entry into the CNS including visna virus, feline
immunodeficiency virus (FIV), simian immunodeficiency virus (SIV) and human T cell
leukemia virus type I (HTLV-I) [117]. Infected monocytes are believed to be major
carriers of HIV-1 into the CNS while infiltrated T-lymphocytes are also reported to be
capable of carrying HIV-1 through the BBB [104, 117]. Several postmortem autopsies of
AIDS patient and SIV infected rhesus monkey brain samples revealed an infiltration and
accumulation of both CD4+ and CD8+ T cells [118-120]. Moreover, HIV-1 infection of
brain cells and viral protein stimulation result in glia and endothelia cell activation as
well as subsequent chemokine production, which attracts more immune cells to infiltrate
the BBB into the CNS [121].

3.2.20ther hypotheses: Passage of cell-free HIV-1 virus due to the BBB lesion, BMVEC
infection or transcytosis.

Exposure of BMVEC to HIV-1 virus and viral protein such as Tat and gp120 leads to

endothelia cell activation and pro-inflammatory responses [122]. Cytokines such as
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Figure 6. Current hypotheses for HIV-1 entry into the CNS. A. Illustrations of

current hypotheses of HIV-1 entry to the CNS. 1. Trojan horse hypothesis. Virus
is brought into the CNS by infiltrated HIV-infected blood cells. II. Cell-free virus
is diffused into the CNS trough the BBB damage. III. Virus entry CNS by
infecting endothelial cells. IV. Virus passes into the CNS through transcytosis of

endothelial cells. B. Keys for the CNS cells, HIV-1 and basement membrane.
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tumor necrosis factor-a (TNFa) and interleukin-1 B (IL-1B) together with viral proteins
including Tat, gp120, Nef and Vpr in AIDS patients are responsible BMVEC apoptosis
and tight junctions impairment which contribute to the BBB damage resulting in
diffusion of free virus through the BBB lesions (Fig. 6B-II) [123-125]. Other possible
mechanisms such as direct HIV-1 infection of BMVEC (Fig. 6B-III) and transcytosis
claiming that HIV-1 is endocytosed into intracellular vesicles shuttled through BMVEC
layers and released to the other side of BBB (Fig. 6B-IV) are also proposed for HIV-1

entry into the CNS [104].

3.3 HIV-1 infection of CNS cells

3.3.1 Microglia/macrophages

Microglia are the long-lived brain-resident macrophages differentiated from
hematopoietic origin monocytes and migrate from bone marrow to brain [126, 127]. It
constitutes 5-10% of total glia cells in the brain and contributes to the immune response,
antigen presentation and maintaining of the homoeostasis [128, 129]. HIV-1 infection of
microglia is determined in HIV-infected patients indicated by presence of Env and p24
[130, 131]. In in vitro studies, productive HIV-1 infection is established in primary
human microglia using M- and dual-tropic HIV-1 strains. HIV-1 infection of microglia is
mainly through CD4/CCRS5 receptor-mediated entry [132]. As a primary target in the
CNS for HIV-1 infection and the only CNS cell type that supports productive HIV-1
infection, microglia is believed to be the main HIV-1 reservoir that contributes to HAND

pathogenesis.
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3.3.2 Astrocytes

As the largest and diverse glia cell population, astrocytes occupies over 50 % of the CNS
cells and play important roles in maintaining homoeostasis, and provide both structural
and metabolic supports to neurons. Despite the fact that HIV-1 structural proteins are
hardly detected in astrocytes from infected patients, proviral DNA, RNA and viral protein
Nef are repeatedly detected during multiple studies [133-135]. Moreover, up to 19% of
astrocytes are detected to be positive for HIV-1 RNA in patients’ brains using laser
capture micro-dissection together with single-cell multiplex polymerase chain reaction
(PCR) [136]. In contrast to microglia, astrocytes are more readily infected by T-tropic
HIV-1 in a CD4-, chemokine receptors- independent manner in most cell culture studies.
All evidence suggests that astrocytes are extensively but restricted infected in the HIV-
infected patients due to both viral entry blockage and post-entry restrictions at multiple
steps in HIV life cycle [137, 138].

3.3.30ther cell types in the CNS (neurons, neuron progenitor cells, oligodendrocytes,
endothelial cells)

Despite the fact that neurons, neuron progenitor cells, oligodendrocytes, endothelial cells
are not supporting HIV-1 infection determined by both in vivo and in vitro studies, a large
amount of evidence shows that HIV-1 infection of the CNS is capable of inducing
dramatic effects on these cells, which are clearly associated with HAND pathogenesis
[104]. Viral protein transfer, cytokine production by HIV-infected glia cells and damage
of brain homoeostasis are all possible causes for the indirect effects on uninfected cell

functions and contribute to neuronal abnormality and cell death [124, 139-141].
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4. HIV-1 infection of astrocytes

4.1 Entry blockage of HIV-1 infection

HIV-1 mainly enters CD4+ cells through fusion and budding process, which requires
interaction of viral protein gp120 with CD4 and co-receptors such as CXCR4 and CCR5
on host cells [23, 142]. Astrocytes express minimal amount of CXCR4 and CCRS, which
are proved to be independent of HIV-1 infection [143]. Due to lack of CD4 receptors on
the cell surface, astrocytes are invaded by HIV-1 through a CD4-independ pathway
described as receptor-mediated endocytosis [144-147]. Human mannose receptor (hMR)
is identified to be responsible for virus entry into astrocytes. Nevertheless, the efficiency
of cell-free virus infection of astrocytes is extremely low in most of the in vitro cell
culture studies. Furthermore, most of the endocytosed virus is found to be rapidly
degraded in astrocytes due to involvement of endocytotic pathway, resulting in lysosomal

degradation [144].

4.2 HIV-1 latent infection of astrocytes

Besides entry step, post-entry blockages to HIV-1 infection of astrocytes contribute to the
persistent HIV-1 latent infection in the absence of cytopathic effects (Fig. 7). After HIV-
1 is inoculated into astrocytes bypassing the entry step, virus production and viral
structural gene products are diminished to a very low or even undetectable level soon
after the initial peak within 7-10 days post infection [137, 138, 148, 149]. Establishment
of persistent infection is indicated by the presence of Nef gene products in infected
astrocytes from both patient brain and cell culture studies despite lacking active virus

replication. During the latent stage of astrocyte infection, transient HIV-1 reproduction
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Figure 7. Stages of HIV-1 infection of astrocytes. General in vitro HIV-1

replication kinetics in astrocytes. Y axis shows virus replication, presented by
extracellular p24 level (ng/ml). X axis presents days post infection. Stages of
HIV-1 infection are listed at the bottom. Acute infection of astrocytes causes
initial peak of HIV-1 production during first 10 days and then virus production is
rapidly decreased to a basal level. During HIV-1 latency, addition of stimulatory
factors lead to a transient virus re-production, detected by Tat Rev Nef mRNA

level. Adapted from Messam and Major 2000 [148].
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can be stimulated by cytokines including NF-kB, TNF-a and IL-1fB. Re-infection of
monocytic or lymphoid cells can be achieved by co-culturing them with infected
astrocytes [148-150]. This is defined as latent infection and believed to contribute to the
preservation of HIV-1 in the CNS as a viral reservoir [104, 137, 151]. Various
mechanisms were addressed to explain the restricted HIV-1 infection of astrocytes. A
Nef-induced reduction of LTR activity is found in astrocytes compared to that in CD4+ T
cells and contributes to the restricted virus production in astrocytes [149, 152-154]. Apart
from transcriptional silencing, inefficient Rev function such as severely reduction of Rev
response and abnormal accumulation of Rev in cytoplasm leads to the post-
transcriptional suppression of viral mRNA exporting and subsequent structural protein
expression [138, 155]. Additionally, translational defects of viral antigen production
including Gag, Rev, Nef, and abnormal cleavage of viral proteins such as Gag-p24 and

Env-gp120 are also found in astrocyte infection [156, 157].

5. Exosomes

5.1 Extracellular vesicles

Extracellular membrane vesicles (eMV) are membrane bound organelles secreted by both
prokaryotic and eukaryotic cells. They were first found under the electron microscope
(EM) in the bio-fluids and cell cultures and had been considered to be an experimental
artifact from damaged neighboring cells before their specific biogenesis mechanisms and
distinct functions were discovered [158, 159]. According to their size and origin, eMV
are classified into several different types, including 1) Exosomes: they are 40-120 nm in

diameter, of endocytic-M VB origin membranous vesicles. 2) Ectosomes, which were also
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named shedding micro-vesicles (SMV): they are 50-1000 nm in diameter and directly
budded from plasma membrane. 3) Apoptotic blebs: they are 50-5000 nm in diameter and
generated by dying cells during apoptosis [160]. Each of them has distinct content

profiles and carries out different functions.

5.2 Exosome definition, biogenesis and function

Exosomes are small vesicles sized from 40-120 nm secreted by almost all eukaryotes
from microorganisms up to mammals with distinct protein and lipid composition [161-
165]. They were initially described as ‘“garbage bags” for removing the unneeded
proteins from cells when they were first discovered in 1987 [166]. After decades of
studies, exosomes are now considered to be one of the most essential structures mediating
intercellular communications for their diverse functions on intercellular RNA and protein
exchange, antigen-presenting, immune responses, cellular homoeostasis and anti-tumor
activities [167-170]. Exosomes are generated by inward budding of endosomes, which
forms large MVB. These MVB containing accumulated exosomes either fuse with
lysosomes for degradation or fuse with cell membrane to release the content exosomes
into the extracellular compartment (Fig. 8). The released exosomes are quickly uptaken
by recipient cells [165, 171-173]. Little is known about molecular basis of exosome
biogenesis and the underlying mechanisms of protein sorting into exosomes. ESCRT
complexes are believed to be recruited to the MVB membrane and facilitate exosome
protein sorting while other ESCRT-independent exosome biogenesis machineries also
exist [174-176]. Many proteins universally found in exosomes produced by various cell

types are commonly used as exosome markers, including integrin and tetraspanins (CD9,
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CD63, CD81 and CD82), heat shock proteins (HSP70), proteins involved in MVB
biogenesis (TSG101 and Alix) and membrane transportation and fusion (Rab GTPases,
annexins, flotillins) [172, 173, 177]. Besides the universal markers listed above,
exosomes are documented to associate with over 4400 different proteins and over 1500
mRNAs and 700 miRNAs [178]. This number is rapidly growing. These special features
of exosomes have made them potent vehicles for intercellular substance exchanging and

signaling transductions.

5.3 Exosome-mediated virus/viral product transfer

Exosome functions are involved in intercellular protein, RNA transportation, and the
similarities in size and biogenesis shared with many enveloped virus have made them
perfect vehicles for virus and viral product transmission. In fact, several pathogens are
found to be capable of hijacking exosomes for spreading their own infectious agents
including herpes simplex virus (HSV) and hepatitis C virus (HCV) [170, 179-183].
Although HIV-1 was detected in purified exosomes in many early studies, whether HIV-
1 is incorporated into exosomes is still remaining controversial due to the technology
limitations in exosome purification and exosome-virus separation [184]. Some recent
studies have successfully separated HIV-1 from exosomes using new advanced methods,
which remain to be further validated [185]. Besides HIV-1, HIV-1 accessory protein Nef
is also secreted into the extracellular compartment in the form of exosomes [79, 80, 186].
As an essential pathogenic factor for HIV-AIDS disease progression, incorporation of
Nef into exosomes results in spreading this important viral agent to uninfected cells and

potentially contributes to HIV/AIDS pathogenesis.
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Figure 8. Exosome biogenesis, release and uptake. Illustration of general exosome

biogenesis, release and uptake process. Exosomes are inward budded from the
endosome membrane into the lumen, which forms large MVB. Exosomes-containing
MVB either fuse with lysosomes for degradation or fuse with plasma membrane and
release their contents to the extracellular environment. Released exosomes are
uptaken by recipient cells through either phagocytosis or direct fusion with the cell

membrane. * Ectosomes/SMYV are directly budded from the cell membrane.
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5.4 Current exosome isolation/purification methodology

As mentioned above, besides exosomes, cells secret various membranous vesicles such as
ectosomes and apoptotic bodies that are different in size, origin, content, and functions.
Several ways have been exploited to isolate exosomes and minimize the contamination of
other non-exosome micro-vesicles, protein aggregation and cell debris. One of the most
common methods is sequential ultracentrifugation (Fig. 9). It involves removal of cells
and cell debris by low-speed centrifugation and 0.2 um filtration, followed by high-speed
ultracentrifugation to enrich exosomes [173, 187]. Crude exosomes can be directly used
for molecular analysis or undergo further purification by multiple different methods
depending on the experimental goals. Exosome markers including CD81, HSP70, CD63,
CD9 are frequently used for exosome purification by immune-capture with antibody-
coated beads followed by Western blotting (WB) or fluorescence-activated cell sorting
(FACS). Density gradient fractionation is also a common method utilized for exosome
isolation. Due to the similar size and shared surface markers between HIV-1 viral
particles and exosomes, isolation of exosomes from infected cells requires specific
procedures to separate virus from exosomes. The current widely used method for
exosome-virus separation is OptiPrep gradient fractionation. This method can
successfully separated HIV-1 viral particles from exosomes confirmed by p24 and
acetylcholinesterase (AChE), respective indicators for virus and exosomes (Fig. 10) [185,
188]. These molecular analyses provide us sensitive ways for protein detection in the
exosomes. Furthermore, florescence-labeled exosome proteins are used for exosome
tracking during exosome production and uptaking. Electron microscopy (EM) is used for

direct exosome visualization and structural analysis. Additionally, many new advanced
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Figure 9. Scheme of sequential ultra-centrifugation method for crude

exosome isolation. Culture supernatants are collected from infected or transfected

cells. Crude exosomes and HIV-1 are enriched by sequential centrifugation (600 g,
10 min, 0.2 um filter or 10,000 g, 30 min, 100,000 g, 70 min). Resulting pellets
containing exosomes and virus are re-suspended in lysis buffer for molecular

analysis or re-suspended in PBS for future purification or exosome uptake assay.
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Figure 10. Scheme of OptiPrep gradient exosome purification. Crude

exosomes and free viral particles collected as Figure 9 are loaded onto a OptiPrep
gradient (6% to 18%) made by gradient maker and centrifuge at 100,000 g for 90
min. Twelve fractionations are taken from top to bottom. Fractions are processed

for AChE assay and Western blotting for exosome and viral protein detection.
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technologies and reagents are developed and available commercially from biotech

companies.

6. Direct cell-cell contact-mediated intercellular virus/viral product transfer

6.1 Cell-cell contact-mediated intercellular communication

Intercellular communications including signaling transmission, substance exchange are
dynamic and fundamental processes in organisms and carried out in various ways.
Normally, signaling molecules such as cytokines, growth factors secreted from
stimulatory cells bind to the corresponding receptors on the remote target cells [189,
190]. Membranous vesicles such as exosomes are involved in intercellular transport of
mRNA and micro-RNAs lipids and proteins. Between adjacent cells, intercellular
communications are usually carried out by direct connections such as junctional
complexes including gap junctions, synapses, and tunneling nanotubes [191, 192]. These
structures allow passing of small molecules and larger cellular compartments between
two cells through direct connected intercellular channels or fast signaling transmission

through closely apposed cell-cell junctions [191, 192].

6.2 Cell-cell contact-mediated virus transfer

Virus transfers from infected cells to uninfected cells through two different ways, cell-
free virus diffusion and cell-cell contact-mediated virus transmission. As a newly
discovered model, cell-cell contact-mediated virus infection has attracted a great deal of
attention in the past few years. It has been reported to be utilized by several different

viruses including herpes viruses, HTLV-1, HCV and HIV-1 to achieve a highly efficient

41



virus transmission. Cell-cell contact-mediated virus transfer also contributes to immune
evasion and capable of bypassing multiple restrictions that block cell-free virus infection
[193-195]. Multiple underlying mechanisms are identified for different viruses and
different host cell types (Fig. 11B). Besides receptor-mediated virus fusion (Fig. 11A-I)
and exosome-mediated virus transmission (Fig. 11A-II), hijacking existing cell-cell
contact structures is one of the commonly used mechanisms for viruses to overcome the
cellular barriers [196]. For example, HTLV-1 and HCV can spread through tight
junctions [197, 198]. Several neuronal viruses can pass between neurons through
neurological synapse [199, 200]. Retrovirus such as HIV-1 can hijack immunogical
synapses and utilized them as a platform to recruit and transmit virus among immune
cells (Fig. 11B-V). This structure is termed virological synapse (VS) [201]. Besides using
the existing cellular structures, many viruses are also capable of deliberately establishing
cell-cell contact. Some viruses such as HTLV-1 can enhance the expression of cell
adhesion molecules such as intercellular adhesion molecule-1 (ICAM-1) and
subsequently induce cellular polarity and downstream signaling that contributes to
synaptic structural formation (Fig. 11B-VI) [202, 203]. Furthermore, some of the viral
proteins such as envelope protein of murine leukemia viruses (MLV) can mimic the
function of cell adhesion molecule, which is termed viral adhesion molecule (VAM).
Induction of actin protrusions on infected or target cells through high affinity interactions
between virus and host receptors is reported in the case of MLV infection of fibroblasts
as well as several other viruses such as Vaccinia virus (VV) and African swine fever
virus (ASFV) (Fig. 11B-1V) [204, 205]. Virus particles are pushed toward the target cells

by inducing F-actin filaments before or after budding process. Both cell-free and cell-cell
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Figure 11. General cell-free and cell-cell contact virus transmission pathways.

Potential virus transmission mechanisms utilized by HIV-1. A. Cell-free virus entry
mechanisms including membrane fusion (I), exosomes hijacking (II), and receptor-
mediated endocytosis (III). B. Cell-cell contact-mediated virus entry including
virus passing through actin protrusions and TNT (IV), virological synapse (V) and

VAM (VI).
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contact-mediated virus transfer play important roles in virus spreading. Cell-free virus
infection is favorable for virus transmission over long distance and spreading among
individuals. Virus diffusion through circulation systems achieves virus spreading among
different organs throughout the body. Cell-cell contact-mediated virus transfer has the
advantage in transmission speed and the ability to bypass many restrictions that impair or
block virus spreading through a cell-free model such as lack of receptors, virus
instability, antibody neutralization, physical barriers, antiviral retention and insufficient

virus production in infected cells [206-210].

6.3 Cell-cell contact-mediated Nef transfer

Recent studies show that intercellular Nef transfer occurs among different cell types and
alters the target cell functions through one or several of the intercellular communication
pathways, including cell-cell contact-mediated cellular interactions and exosomes
mentioned previously [80, 211]. Nef protein is transferred from HIV-infected or Nef-
expressing macrophages to B cells through intercellular nanotube structures and affects B
cell class switching [81, 211]. Additionally, intercellular Nef transfer is also observed
from Nef-expressing CD4+ T cells to several different cell types such as macrophages,
hepatocytes, and astrocytes (Our lab, Unpublished, [212]). A proteomic analysis of Nef
binding partners reveals the involvement of several components of the exocyst complex
(EXO1-4, EXO0O6) in Nef-PAK2 associated actin re-arrangement and its function in
tunneling nanotube formation, which potentially contribute to the intercellular Nef

transfer through actin-based direct cell-cell connections.
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Summary of the background and our hypotheses

Despite the fact that expanding access to the cART has contributed to a steady decline in
new infections and HIV-related deaths over the past few years, the prevalence of
HIV/AIDS is still high and the number of people living with HIV-1 is actually increased
[213, 214]. The reduction of viral load and prolonged life span of HIV-1-infected patients
under cART come at the cost of preserving latent viral reservoirs in both the immune
system and the CNS [64, 215]. Moreover, the inability to eradicate HIV-1 virus results in
a rising risk of developing drug resistant mutations [64, 213, 214, 216]. Hence, a better
understanding of HIV-1 pathogenesis is urgently needed for developing new therapeutic
alternatives. As a promising new therapeutic target for reducing the risk of developing
AIDS disease, Nef is long known as the single essential pathogenic factor that required
for HIV-1 pathogenesis in animal model and patient studies [98-101, 217-221].
Accumulating evidence implies a strong connection between Nef and HIV-1
pathogenesis. Importantly, several studies have recently uncovered that Nef is transferred
among cells, suggesting its potential role in leading the communication between infected
and uninfected cells and implying its possible link to bystander T cell depletion as well as
HIV-1 pathogenesis [79-81, 212]. Both cell-cell contact-dependent mechanisms such as
tunneling nanotubes and cell-cell contact-independent mechanisms such as exosomes and
other extracellular vesicles have all been proposed for intercellular Nef transfer [79-81,
186]. Thus, elucidation of the exact mechanism of intercellular Nef transfer is warranted

for further addressing the critical roles of HIV-1Nef in HIV-1 pathogenesis.
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The first part of this work was to characterize the underlying mechanism of intercellular
Nef transfer among CD4+ T cells. Based on the unique properties of Nef in inducing
cytoskeleton re-arrangement, enhancing VS formation and transferring from infected
cells to several different types of bystander cells, we first hypothesized that intercellular
Nef transfer among CD4+ T cells is through direct cell-cell contact-mediated intercellular
connections. Due to the Nef properties in membrane targeting, inducing massive
secretion of micro-vesicles and intercellular transferring, the Nef-exosome association is
intensively studied in recent years but the results are still controversial due to the poor
understanding and limited methodology in the exosome field. Here we hypothesized that
Nef is associated with exosomes/micro-vesicles that potentially contribute to intercellular
Nef transfer. In order to test the possibility of Nef to be incorporated into exosomes, we
examined the specificity and efficiency of Nef incorporation into different subpopulation
of exosomes/micro-vesicles using both traditional ultracentrifugation methods and more
advanced OptiPrep gradient fractionation methods. Furthermore, we analyzed the

potential role of exosomes involved in intercellular Nef transfer.

The second part of this work was to characterize HIV-1 entry, latency, and virus recovery
in HIV-1 infection of astrocytes. Cell-free virus infection of astrocytes is extremely
inefficient due to lack of CD4 receptors on the cell surface and rapid degradation of
endocytosed virus. In HIV-1 infection, direct cell-cell contact-mediated intercellular virus
transmission is believed to be one of the main routes for HIV-1 transmission among
CD4+ T cells as evidenced by several recent studies, particularly under highly compact

cell compartments such as lymph nodes and gut associated lymphoid tissues [222]. As a
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matter of fact, HIV-1 is believed to be carried by the infiltrated infected macrophages and
lymphocytes into the CNS compartment where the infected cells can directly interact
with astrocytes in a highly compact environment [104, 117]. Thus, we hypothesized that
cell-cell contact-mediated HIV-1 transfer into astrocytes contributes to astrocyte infection
and formation of HIV-1 reservoirs in the CNS. Furthermore, we investigated the
establishment of HIV-1 latency in astrocytes as well as virus recovery from infected
astrocytes to T cells. Additionally, we analyzed Nef involvement in HIV-1 latent

infection of astrocytes and its potential contributions to viral reservoirs formation.
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MATERIALS AND METHODS

MATERIALS

Media and supplements

Dulbecco’s Modified Eagle’s Medium (DMEM), Roswell Park Memorial Institute 1640
(RPMI-1640) medium, Ham's F12 Medium (F12) and Kaighn’s modification of Ham’s
F-12 medium (F12k) were purchased from Lonza (Walkersville, MD). Penicillin-
streptomycin-glutamine and trypsin were purchased from Gibco (Grand Island, NY).
Fetal bovine serum was purchased from Hyclone (Logan, UT). Ampicilin sodium salt and
Kanamycine sulfate were purchased from United States Biological (Swampscott, MD).
The bacteria culture media were prepared as described below. Luria broth (LB) media
were made of 10 g/L Bacto tryptone and 5 g/L Bacto yeast extract (BD Biosciences, San
Jose, CA) plus 5 g/L NaCl. Solid LB culture plates were made with complete LB medium
with the addition of 15 g/l Bacto agar (BD Biosciences). Super optimal broth with
catabolite repression (SOC) was purchased from Life technologies (Grand Island, NY).
Working concentrations of antibiotics were 100 pg/ml ampicillin and 50 pg/ml

kanamycin.

Antibodies

Mouse anti-Nef (sc-65904) (WB 1:500), rabbit anti-Myc (sc-789) (WB 1:1000), mouse
anti-Cytochrome ¢ (Cyto c) (sc-13561) (WB 1:250) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Mouse anti-p24 derived from p24 hybridoma cells

(#1513), rabbit anti-Nef (#2949) (WB, FC 1:500), and mouse anti-Nef (#1539) (WB, FC
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1:1000), HIV-1 gp120 anti-serum (sheep) (288), were obtained from NIH AIDS Reagent
Program, and donated by Dr. Bruce Chesebro of National Institute of Allergy and
Infectious Diseases, Hamilton, Montana [223], Dr. Ronald Swanstrom of University of
North Carolina at Chapel Hill [224], and Dr. K. Krohn and Dr. V. Ovod of University of
Tampere, Institute of Biochemical Sciences, Finland [225], and Dr. M. Phelan of
University of California, San Francisco [226], respectively. Rabbit anti-green
fluorescence protein (GFP) (632592) (WB 1:1000) was purchased from Clontech
(Mountain View, CA). Mouse anti-CD81 (555675) (IF, FC 1:1000) was purchased from
BD PharMingen (San Diego, CA). Rabbit anti-CD9 (EXOAB-CD9A-1) (WB 1:1000)
and rabbit anti-HSP70 (EXOAB-HSP70A-1) (WB 1:1000) were purchased from System
Bioscience (Mountain View, CA). Rabbit-anti- glial fibrillary acidic protein (GFAP)
(Z0334) (Immunofluorescence (IF) 1:2000) was purchased from Dako (Carpinteria, CA).
Rabbit anti-mCherry (ab167453) (FC 1:500) was purchased from Abcam (Cambridge,
MA). Rabbit anti-TSG101 (T5701) (WB 1:1000), normal mouse, rabbit IgG, and mouse
anti-B-actin (WB 1:2000) were from Sigma (St. Louis, MO). Phycoerythrin (PE)-
conjugated mouse-anti-p24 (KC57) was purchased from Beckman Counter (Brea, CA).
PE-conjugated phalloidin (IF 1:100), Sheep anti-mouse IgG-horseradish peroxidase
(HRP) and donkey anti-rabbit IgG-HRP (WB 1:3000) were purchased from GE
Healthcare (Little Chalfont, Buckinghamshire, UK). Goat-anti-mouse Alexa-Fluor-555,
goat-anti-rabbit Alexa-Fluor-488 (IF 1: 1000, FC 1:500) Goat-anti-mouse Alexa-Fluor-
647 (FC 1:500) was purchased from Molecular Probes (Eugene, Oregon, USA). Goat-

anti-rabbit PE (FC 1:100) were purchased from Santa Cruz Biotechnology.
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Reagents

Enhanced chemiluminesence (ECL) reagents for Western blotting detection were made in
house. Protease inhibitor cocktail set V were purchased from Roche (Indianapolis, IN).
G418 sulfate and hygromycin were purchased from Calbiochem (LaJolla, CA). T4 DNA
polymerase, T4 DNA ligase, calf intestinal phosphatase (CIP), and all restriction
endonucleases were from New England Biolabs (Beverly, MA). Poly-L-lysine, Yeast
mannan, dextran sulfate, and 4’,6’-diamidino-2-phenylindol (DAPI) were purchased from

Sigma. All other chemicals were from Fisher (LaGrange, KY).

Biotechnology systems

The expand high fidelity PCR system, Gel and PCR clean-up kit and firefly luciferase
assay system were purchased from Promega (Madison, WI). The Quick Change II Site-
directed Mutagenesis kit and Strataclone PCR cloning kit were from Stratagene (Cedar
Creek, TX). The Bio-Rad DC protein assay kit was from Biorad Laboratories (Hercules,

CA).
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METHODS

Cells and cell cultures

Cell lines

The human embryonic kidney cell line 293T, human T lymphoblastoid cell line Jurkat
E6-1, human astrocytoma U373.MG and neuroblastoma cell line SH-SYSY were
purchased from American Tissue Culture Collection (ATCC) (Manassas, VA). Human T
cell leukemia cell line MT4 was obtained from NIH AIDS Reagent Program, and donated
by Dr. Douglas Richman of University of California, San Diego [227]. Jurkat stably
expressing GFP (GFP Jurkat) and Nef.GFP (Nef.GFP-Jurkat) were established by Dr. IW
Park as previously described [228]. Briefly, pEGFP or pNef.GFP was linearized with Pvu
I and electroporated into Jurkat constitutively expressing the tTA using a gene pulser
(Bio-Rad, Hercules, CA, USA). pTK-Hyg (Clontech) was included in the transfection to
facilitate subsequent selection of stable cell clones. After electroporation, The clone
expressing the highest level of GFP fusion protein was selected by using the
limitingdilution method in the presence of 800 pg/ml G418 (Invitrogen), 200 pg/ml
hygromycin (Boehringer Mannheim), and 2 pg/ml Tet (Sigma). GFP-Jurkat, Nef.GFP-

Jurkat were maintained in the presence of 400 pg/ml G418 and 200 pg/ml hygromycin.

Competent cells for cloning
GC5™ chemically competent E. coli was purchased from GeneChoice (Frederick, MD).
MAX Efficiency Stbl2 Competent cells were purchased from Life technologies (Grand

Island, NY).

52



Cell cultures

293T and U373.MG were maintained in DMEM. Jurkart, Nef. GFP-Jurkat, GFP Jurkat,
MT4 were maintained in RPMI-1640. SH-SY5Y were maintained in F12 and DMEM
(1:1 mix). All the culture mediums were supplemented with 10% fetal bovine serum
(FBS) and 100 pg/ml Penicillin-streptomycin and 2 mM glutamine and cells were

cultured at 37 'C with 5% CO,.

Isolation and culturing of human primary astrocytes

Human primary astrocytes (HPA) were prepared from aborted human fetus brain tissues
(15-20 weeks) (Advanced Bioscience Resources, Alameda, CA), as previously described
[147]. Briefly, fetus brain tissues were dissected, trypsinized, and passed through a 230
pm (60 mesh) and then 94 pum (150 mesh) filter for single cell suspension. Mixed brain
cells were maintained in primary astrocyte (PA) culture medium (1:1 mixture of F12k
and DMEM) for 3 passages to generate high purity astrocytes. Immunofluorescence
staining was performed to assure a purity of >98% GFAP-positive cells, i.e., astrocytes.
HPA were maintained in F12k medium at 37°C with 5% CO;. All the culture mediums
were supplemented with 10% FBS and 100 pg/ml Penicillin-streptomycin and 2 mM

glutamine and HPA were cultured at 37°C with 5% COs,.
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Plasmids

HIV-1 proviruses

RGH plasmid was obtained from NIH AIDS Reagent Program, donated by Dr. L
Sadowski and Dr. S Viviana of University of British Columbia [229]. HIV-1 gagi and
NLGi plasmids were generously provided by Dr. B. K. Chen of Mount Sinai School of
Medicine [222, 230]. NL4-3 ANef was constructed by first cloning an Xho I/Nae [ NL4-3
Nef fragment into the pBlueScript KS+ vector (Stratagene), followed by site-directed
mutagenesis to using the Quick Change II Site-directed Mutagenesis kit and Strataclone
PCR cloning kit with the following primers: 5’-TCT CGA GAC CTA TGA AAA CAT
GGA GCA ATC ACA AG -3’ and 5’-CT TGT GAT TGC TCC ATG TTT TCA TAG
GTC TCG AGA-3’. The mutated Nef fragment was then cloned back to NL4-3 plasmid
using Xho I/Nae I. HIV-1 gagi ANef and NLGi ANef plasmid were constructed by single
digestion of gagi and NLGi plasmid with Xho I followed by filling in of the adhesive end
with T4 polymerase. The generated blunted ends were re-ligated by T4 DNA ligase.
RGH Nef+ plasmid was generated by adding back the missing Nef fragment following a
IRES sequence to RGH. Xho I-IRES-Nef-Blp I fragment was amplified from NLGi
plasmid by PCR using the following primers: 5-TCAACT CTCGAG TC CGC CCC TCT
CCC TC-3 and 5-TTA GCT GCT CAG CTC AGC AGT TCT TGA AGT ACT-3. This
fragment was digested with Xhol to generate Xhol-IRES-Nef (partial)-Xhol and then
inserted back to RGH plasmid using Xhol. HXB2 Eli and HXB2 Eli G2A were described

previously [231].
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Other plasmids

pHCMV-G was a kind gift from Dr. Joseph Sodroski of Harvard School of Medicine, and
it encodes the glycoprotein from vesicular stomatitis virus (VSV-G) downstream of the
CMYV promoter. pcDNA3, and pCMV-Bgal were purchased from Clontech. pLTR-Luc
[232] was donated from Dr. R. Jeeninga and Dr. B. Berkhout of University of Amsterdam,
Amsterdam, The Netherlands through the NIH AIDS Reagent Program. pTat.myc was
constructed as previously described [233]. Construction of pCDNA3-CD81 were
described elsewhere [233, 234]. pNef.myc was constructed by expressing the Nef gene
from NL4-3 plasmid and an myc epitope at the C terminus of Nef using the standard PCR
cloning technique as previously described [235]. pNef.GFP and pCD81.GFP was
constructed in the context of the pPEGFP-N3 backbone (Clontech) using pNef.myc and
pCDNA3.CDS81 as respective templates with primers (Nef GFP) 5°-CCG GAA TTC
ATG GGT GGC AAG TGG TCA-3’ and 5’-CCG ACT AGT GCA GTT CTT GAA GTA
CTC-3’ and (CD81 GFP) 5-GA CTG GGA TCC GTA CAC GGA GCT GTT CCG GAT

GCC-3’ and T7.

Bacterial transformation

MAX Efficiency Stbl2 competent cells were used to transform provirus plasmids and
prepare the large-scale culture for Max-prep DNA isolation. Plasmids were transformed
into Stbl2 competent cells according to the manufacturer’s directions. Briefly, the Stbl2
cells 25 pl were mixed with 0.5-2 pl (50-200 ng) DNA ligation product and incubate on

ice for 30 min. The cells were then heat-shocked at 42°C for 25 sec, followed by
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incubation on ice for another 2 min, and addition of 250 ul of SOC medium. The cells
were then incubated at 30°C for 1.5 hr with shaking of 225 RPM, and plated on LB plates
containing the appropriate antibiotics. For large-scale cultures, transformed cells were
growing in LB medium under 30°C for 16 hr with shaking of 225 RPM. Transformation
and large scale DNA isolation for other plasmids were conducted by using GC5™ cells
with similar protocol except for the heat-shock time changed to 42°C for 45 sec and the

bacteria growing temperature and shacking speed changed to 37°C and 240 rpm.

Cell transfections

Transfections were carried out using the standard calcium phosphate precipitation
method. Media were replaced 16 hr post-transfection. Transfection efficiency was

monitored by GFP expression and was 80%-90% for 293T and 20%-40% for HPA.

Western blotting

Cells/exosomes/viruses were harvested and lysed in RIPA buffer [l mM EDTA, 0.5 mM
EGTA, 1% Triton X-100, 1% sodium deoxycholate, 140 mM NaCl, 0.1% sodium
deoxycholate, 10 mM Tris HCl, pH 8.0] with protease inhibitor and PMSF
(phenylmethylsulfonyl fluoride) (Sigma) for 20 min on ice. Lysates were sonicated on ice
and cleared of cell debris by 16000 g, 15 min centrifugation and the protein concentration
was determined using a Bio-Rad DC protein assay kit with a BIO-RAD microplate
reader. Equal amounts of protein were pre-incubated with 1x SDS loading buffer at

100°C for 10 min. Specifically, for membranous proteins including Nef, CD81 and all
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other exosome related protein detections, samples were pre-incubate with 1x SDS loading
buffer at 37°C for 30 min to achieve higher detection signal as discussed in discussion
sections. Each sample was loaded onto and separated by 10% sodium dodecyl sulfate-
polyacrylamide gel -electrophoresis (SDS-PAGE). Proteins were transferred onto
nitrocellulose membrane and probed with desired primary antibodies and then with
appropriate HRP or fluorescence-conjugated secondary antibodies. Chemiluminesence
visualization was performed using a homemade ECL system. Florescence visualization
was performed using a BIO-RAD Chemi Doc imaging system (BD imager). GFP and
GFP tagged proteins from samples prepared by 37°C, 30 min protocol were directly

detected by 488 channel of BD imager without antibody probing.

Virus preparation

HIV HXB2 Eli and HXB2 Eli G2A, NL4-3, gagi, NLGi and their nef-deleted proviral
DNA were transfected into 293T using a standard calcium phosphate precipitation
method. HIV-1 RGH and RGH Nef+ were co-transfected with pHCMV-G into 293T at
1:3 (pHCMV-G: RGH/RGH Nef+) ratio using the same transfection method. Medium
was replaced 16 hr post-transfection. Cells were continue cultured for another 72 hr. The
culture supernatant was collected and spun through a 20% sucrose cushion after 100,000
g centrifugation for 2 hr. Virus titers were measured as counts per minute (cpm) by
reverse transcriptase (RT) assay as described previously [236] and below. Virus was re-

suspend in PBS and stored in liquid nitrogen.
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Cell-free virus infection and spinoculation

For preparation of HIV-infected T cells, 1 million Jurkat or MT4 were exposed to HIV-1
virus equivalent to 10,000 cpm in 1 ml RPMI complete medium at 37°C with 5% CO, for
4 hr and washed with PBS twice then continue cultured in fresh medium with cell density
of 0.3-1.0 million per ml at 37°C with 5% CO,. Percentages of infected cells were
monitored every other day by immunostaining of p24 followed by flow cytometry. For
cell-free virus infection of astrocytes, U373.MG or HPA were seeded to desire plates at
50-70% confluency one day before infection. HIV-1 viruses (NL4-3, gagi, NLGi and
their Nef deleted virus) equivalent to 15,000 cpm were added to astrocyte cultures and
incubated for 4-16 hr at 37°C with 5% CO,. For pseudotyped virus (VSV-G-pseudotyed
RGH and RGH Nef+) infection of HPA, viruses equivalent to 30000 cpm were added to
HPA in a 6 well plates in 3 ml fresh medium and processed to 600 g centrifugation at

room temperature (RT) for 2 hr. Cells were washed and cultured in fresh medium.

Reverse transcriptase (RT) assay

Viruses were pelleted and suspended in 10 pl of the dissociation buffer (50 mM Tris—
HCI, pH 7.5, 0.25% Triton X-100, 20% glycerol, 1 mM DTT, and 0.25 M KCl) followed
by three times of frozen—thawing. Thirty five microliters of the RT assay buffer (50 mM
Tris—=HCI, pH 7.5, 1 mM DTT, 10 mM MgCl2, and 0.25% Triton X-100), 5 pul of 1
mg/ml poly (A).(dT)15 (Roche, Indianapolis, IN) and 1 pl of [3H]-thymidine 5'-
triphosphate tetrasodiun salt (ICN, Irvine, CA) was added to each sample then incubated

at 37°C for 1 h. The reactions were spotted onto the DE81 ion exchange chromatographic
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disk (Whatman, Clifton, NJ) and then wash with 2x SSC (0.3 M NaCl and 30 mM Na
citrate, pH 7.0) three times, 5 min each, and dehydration with 100% ethanol. The disks
were air dried and counted for H’-incorporation using a scintillation counter after air dry.

Reverse transcriptase activity was expressed as cpm.

Luciferase assay

The firefly luciferase activity was measured using the luciferase assay system from
Promega according to the manufacturer’s directions. Briefly, HPA were transfected with
the appropriate amount of pLTR-luc with pCDNA3 or pTat.myc using a standard calcium
phosphate precipitation method. pCMV-Bgal was co-transfected for transfection
efficiency normalization. MT4 or PBS was added to pLTR-luc, pCDNA3-transfected
HPA 48 hr post-transfection. Cells were washed with PBS and collected at 72 hr post-
transfection in 1X firefly luciferase lysis buffer. Lysates were centrifuged briefly for
removal of debris and mixed with firefly luciferase substrate before the luciferase
activities were measured by an Opticomp Luminometer (MGM Instruments, Hamden,

CT).

Exosome preparation

Exosome-free medium (EFM) was prepared by overnight (16 hr) centrifugation of
complete medium at 100,000 g. Transfected 293T or HIV-infected Jurkat (with an
infection efficiency of 70%) were cultured in the exosome-free medium for 3 days. At the

end of the culturing, the culture medium was collected and processed as stated below.
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The first step was to remove cells and cell debris by performing three sequential
centrifugations: 300 g for 10 min, 2,000 g for 10 min (alternatively, filtration through
0.22 um filter), and 10,000 g for 30 min. Between each centrifugation step, the
supernatant was carefully recovered and used for the next centrifugation. The next step
was to obtain crude exosomes by subjecting the cleared supernatant from the first step to
ultracentrifugation at 100,000 g for 70 min (SW28 rotor, Beckman, Indianapolis, IN).
Following the ultracentrifugation, the supernatant was carefully removed and discarded,
while the pellet was saved and either lysed in the RIPA buffer for Western blotting, or
suspended in PBS for the next step of OptiPrep gradient fractionation, or exosome-free

medium for exosome uptake analysis.

OptiPrep gradient fractionation

The crude exosomes in PBS (about 500 pl) from above were loaded on the top of a 5 ml
6-18% OptiPrep gradient that was prepared using a gradient maker Hoefer SG15 (Hoefer,
Inc., Hilliston, MA), followed by ultracentrifugation at 250,000 g for 1.5 hr (SW55Ti
rotor, Beckman). OptiPrep was diluted in 235 mM KCI, 12 mM MgCI2, 25 mM CaCl2,
30 mM EGTA, 150 mM Hepes-NaOH, pH 7.0. A total of 12 fractions from top to
bottom, 450 pl each were collected. Trichloroacetic acid (TCA) precipitation was used to
recover the proteins from each fraction. Briefly, TCA was added to each fraction to a
final concentration of 20%, the mixture was incubated on ice for 15 min and then spun to
obtain the precipitates. The precipitates were washed with cold acetone twice, dried, and

dissolved in 1X SDS loading buffer for Western blotting. Alternatively, the fractions
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were diluted with 4 ml PBS and spun at 100,000 g for 70 min to obtain crude exosomes.

The pellets were lysed in the RIPA buffer for Western blotting.

Acetylcholinesterase (AChE) activity assay

Factions obtained from the OptiPrep gradient centrifugation (15 pl) were mixed with 85
ul 1.25 mM acetylthiocholine and 100 pl 0.1 mM 5,5'-dithiobis-(2-nitrobenzoic acid) in a
96-well plate. The mixture was incubated at room temperature until a yellowish color was
developed. Then, the optical density (OD) at a wavelength of 450 nm was determined

using a 96-well plate reader (BioRad, Hercules, CA).

Exosome uptake assay

Culture supernatants or concentrated crude exosomes collected as above from transfected
293T were added to 293T or Jurkat in exosome free medium and cultured at 37°C with
5% CO,. Target cells were collected at desired time points (3, 12, 24, or 48 hr) post-
incubation. For Jurkat, cells were collected, washed and re-suspended in PBS before flow
cytometry analysis using a BD Accuri C6 flow cytometer. 293T were directly analyzed
under IF microscopy or trypsinzed, washed with and re-suspended in PBS for flow

cytometry analysis.

Cell-cell and cell-free virus transfer assay

For immunofluorescence microscopy analysis, Jurkat were infected with HIV-1 NL4-3 as

described above and served as donor cells when p24-positive cells reached to 50-70%.
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Supernatants containing free viruses that were released within 16 hr were prepared by
culturing donor cells (5 x 10*) in fresh medium for 16 hr followed by removal of cells and
cell debris using 600 g centrifugation for 10 min plus 0.2 mm filtration and then added to
target cells (U373.MG). Donor cells (5 x 10%) were washed and either added directly to
target cells in a 1:1 ratio or added into the upper chamber of a transwell while the target
cells were plated in the lower chamber. Cells were cultured for 16 hr at 37°C with 5%
CO, before fixed and processed for immunostaining and microscopy analysis. The similar
experiment strategy was used for quantitative analysis using flow cytometry except for
that GFP Jurkat were used as donor cells and HPA were used as target cells. Details were

described below.

Fluorescence-activated cell sorting (FACS)/Flow cytometry

Virus endocytosis and degradation test

HPA were incubated with GFP-labeled HIV-1 gagi equivalent to 15,000 cpm at 37°C for
16 hr. Unbound viruses were removed by extensive washes with PBS, the cells were
continue incubated for 5 days. Cells were collected every day and gagi virus endocytosis
and degradation over time were detected and expressed as FL-1 mean fluorescence

intensity (MFI) by a BD Accuri C6 flow cytometer.

Astrocyte latency analysis
VSV-RGH was transduced into HPA by spinoculation as described above. Cells were

collected at each time point post-infection (0, 1, 2, 3, 5, 7, 10, 15, 20, 30 days post
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infection) by trypsinization, then fixed with 4% PFA and permeablized with 0.1% triton
in PBS at RT for 15 min. Cells were then immunostained with rabbit-anti mCherry
followed by goat-anti-rabbit PE at RT for 60 min. Cells were washed twice with PBS
between each steps and re-suspend in PBS before analyzed by flow cytometry using a BD
Accuri C6 flow cytometer. Mouse-anti p24 followed by Goat-anti-mouse Alexa-Fluor-

647 (APC) was used for double staining as stated.

Quantitative comparison of cell-cell and cell-free virus transfer

Cell-cell and cell-free virus transfer assay were conducted as above using NL4-3-infected
GFP Jurkat as donor cells and HPA as target cells. Cells from each infection were
collected after trypsinization. Cells were fixed with 4% paraformaldehyde (PFA) and
permeablized with 0.1% triton in PBS at RT for 15 minutes then stained with PE
conjugated mouse anti-p24 antibody at RT for 60 min. Cells were washed twice with
PBS between each steps and re-suspend in PBS, analyzed by flow cytometry using a BD

Accuri C6 flow cytometer.

Virus recovery assay

For virus recovery from cell-free virus-infected HPA, MT4 were added back to cell-free
gagi-infected HPA 5 days post-infection. MT4 were collected every day for gagi
detection by flow cytometry. For virus recovery from cell-cell infected HPA, infected
HPA from the mock, cell-free, co-culture and transwell samples in cell-cell, cell-free

virus transfer assay were collected, input Jurkat were removed by extensive wash with
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PBS. Fresh Jurkat were added back to the culture for 24 hr and then recovered from the
co-culture, continued to culture in fresh medium. Jurkat w/ recovered virus were fixed
with 4% PFA, permeablized with 0.1% triton in PBS and measured by flow cytometry for
p24 immunostaining. For cell-cell contact-dependent virus recovery, MT4 cells were
added to NLGi and gagi-transfected HPA 19 days post-transfection or to 48 hr culture
medium which was collected from transfected HPA at day 19 post-infection. MT4 from
co-culture were collected every 2 days and virus recovery to MT4 were measured by flow

cytometry analysis for gagi/NLGi (GFP) detection using a BD Accuri C6 flow cytometer.

Immunofluorescence (IF) microscopy

mCherry, GFP, GFP fusing protein in live cells were observed directly under the
microscope. For immunostaining, cells were plated on polylysine-coated coverslips
during experiment before being fixed with 4% PFA at RT for 15 min and then
permeablized with 0.1% triton in PBS at RT for 15 min. Cells were blocked with PBS-
BB (1% non-fat milk, 0.2% bovine serum albumin, 0.3% Triton in PBS) before being
incubated with desired primary and secondary antibodies at RT for 60 min. Cells were
extensively washed between each steps and mounted with Fluoromount G medium
(Southern Biotech, Birmingham, AL) before microscopy analysis. For live cell imaging
in exosome uptake assay, 293T were plated to a polylysine-coated 35-mm glass bottom
dishes prior to treatment of concentrated exosomes. GFP expression in live cells was
monitored under the IF microscope and images were taken at each desired time point

using a Zeiss Axiovert 200 microscope.
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Data acquisition and statistical analysis

All values are expressed as mean + stander deviation from triplicate experiments. All
statistical analyses were made using two-tailed Student’s t-test. A p value of < 0.05 was
considered statistically significant (*), and p < 0.01 highly significant (**). All data were

representative of multiple independent experiments.
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RESULTS

PART 1. INTERCELLULAR NEF TRANSFER

1.1 Nef transfer from Nef-expressing CD4+ T cells to uninfected bystander CD4+ T

cells

Previous studies have shown that intercellular Nef transfer between macrophage and B
cells, between CD4+ T cells and CD4+ T cells and CD4+ T cells and hepatocytes [79-81,
212]. To test whether intercellular Nef transfer could occur between Nef-expressing
CD4+ T cells to bystander CD4+ T cells, we took advantage of a Jurkat cell clone stably
expressing HIV-1 Nef.GFP fusion protein (Nef.GFP-expressing Jurkat) [228] and
conducted a high-density co-culture assay. Briefly, Nef. GFP-expressing Jurkat served as
donor cells and regular Jurkat pre-labeled with cell-permeable labeling dye SP-DilC were
used as target cells in the co-culture assay. Consistent with previous findings [79, 80], co-
culture between Nef-expressing Jurkat with regular Jurkat led to Nef detection in the
regular Jurkat which was observed as green fluorescence inside the red target cells shown
as yellow color in the merged pictures (Fig. 12A). There was no GFP detection in regular

Jurkat when GFP-expressing Jurkat were used as the donor cells (Fig. 12B).

1.2 Nef transfer from Nef-expressing CD4+ T cells to astrocytes

Besides CD4+ T cells, we also tested the possibility of Nef transfer from CD4+ T cells to

other cell types such as astrocytes. A similar co-culture experiment as Fig. 12 was
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Figure 12. Intercellular Nef transfer from Nef-expressing CD4+ T cells to

bystander T cells. A. Nef.GFP-expressing Jurkat (green) and B. GFP-expressing

Jurkat (green) were co-cultured with SP-DilC labeled regular Jurkat (red) at 1:1 ratio
under high cell density (1 x 10° cells in a volume of 200 pl medium in a 96 well
plate) for 16 hr. Then cell mixtures were collected, washed and seeded to poly-
lysine coated coverslips for another 2 hr until a monolayer of cells were attached.
Cells were then fixed, washed, then mounted for IF microscope analysis. Nef

transfer from Nef.GFP-expressing Jurkat to Jurkat was marked by arrows.
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conducted. Briefly, human astrocytoma cell line U373.MG were plated to a polylysine-
coated coverslip before same number of Nef.GFP-Jurkat were added. Cells were
continuing cultured for 18 hr followed by DAPI staining. Establishment of direct cell-cell
contact and Nef transfer through TNT like structures between Jurkat and U373.MG were
observed under IF microscope. (Fig. 13). In previous studies, we have determined that
Nef transfer to monocytes, hepatocytes and CD4+ T lymphocytes through direct cell-cell
contact [212]. Taken together, these results indicate that intercellular Nef can be

transferred to other cell types from Nef-expressing cells.

1.3 Nef transfer during HIV-1 infection

To further ascertain the physiological relevance of intercellular Nef transfer, we next
determined whether intercellular Nef transfer occurred in HIV-infected cells. A p24 and
Nef double staining experiment was designed and conducted to address this question as
described in Fig. 14. Briefly, Jurkat were first infected with HIV. nef-mutated or nef-
deleted HIV-1 were included as controls. In principle, a small percentage of cells is
infected by input virus during the first round of infection and newly synthesized virus is
released to initiate new infections to other uninfected cells (Fig. 14 I, II). When the
percentage of infection reached to 50% (determined by p24 staining), cells were collected
and processed for p24 and Nef double staining. The percentage of p24-Nef+ cells,
representative of Nef transfer into uninfected cells was analyzed by flow cytometry.
(Fig13. III). As expected, in NL4-3 ANef-infected Jurkat, both infected (p24+) and

uninfected (p24-) populations showed up negative for Nef staining, while all NL4-3-
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Figure 13. Nef transfer from Nef-expressing CD4+ T cells to astrocytes.

U373.MG (0.1 x 10° were plated in a 24-well plate. Nef.GFP-expressing Jurkat
were added to U373.MG in 1:1 ratio for 18 hr. DAPI staining was performed to
discern U373.MG from Nef.GFP-expressing Jurkat by the size of the nuclei.
Micrographs were taken under a IF microscope. The micrographs were

representative from three independent experiments.
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Figure 14. Quantitative measurement strategy of Nef transfer during HIV-1

infection.

I. CD4+ T cells are infected with cell-free HIV-1 (WT/ANef/Nef mutant). Infected
cells will be p24+Nef+. II. Infected cells release free virus and initiate new infection
of other uninfected cells. III. Nef protein transfer to uninfected cells. Cells are
processed for immunostaining of Nef (green) and p24 (red) when the percentage of
infected cells reaches over 30%. Nef transfer in uninfected cells is determined by

p24 and Nef double staining and flow cytometry analysis.
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infected cells (p24+) are Nef positive (Fig. 14A). There were about 2% p24-Nef+ cells in
NL4-3-infected culture but not in mock and NL4-3 ANef-infected cultures confirming the
presence of intercellular Nef transfer in the context of HIV-1 infection. Additionally, a
higher Nef staining intensity was observed in uninfected cell population (p24-) from
NL4-3-infected culture compared to ANef control (Fig. 14B). Furthermore, the
percentage of the Nef+p24- cells showed gradual increases over the cell density (Fig. 16),

or when the ratio of the donor cells to target cells increased (data not shown).

To ascertain that Nef+p24- cells are derived from intercellular Nef transfer, not Nef
expression following HIV-1 entry, we took advantage of a GFP-based HIV-1 reporter
virus NLGi [193, 222]. NLGi has the GFP gene inserted at Nef position and Nef
translation is under the control of an IRES (Fig. 17). GFP expression from NLGi is an
indicator of HIV-1 early gene expression and used to identify the HIV-infected cells.
MT4 are very permissive to NLGi infection, but Jurkat are not [193, 222]. NLGi ANef
was also included as a control (Fig. 18). We performed similar experiments. Specifically,
we co-cultured NLGi- or NLGi ANef-infected MT4 with Jurkat at 1:1 ratio for 48 hr. As
expected, about 50% of the co-cultured cells remained uninfected, determined by GFP
expression (Fig. 20A). Nef staining of the co-cultured cells showed about 4% of
Nef+GFP- cells in NLGi-infected MT4/Jurkat co-culture (Fig. 20B & D), indicating the
uninfected but Nef transfer cells. There were no Nef+GFP- cells detected in the mock
control and the NLGi ANef-infected MT4/Jurkat co-cultures. More Nef transfer was

detected with NLGi (Fig. 20) than with NL4-3 (Fig. 15), which is likely due to the
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Figure 15. HIV-1 Nef transfer from HIV-infected CD4+ T cells to bystander T

cells. Jurkat were infected with HIV NL4-3 (WT) or nef-deleted NL4-3 (ANef).
When the cell infection reached 20-30%, determined by p24 staining, the cells were
double stained using a rabbit anti-HIV-1 Nef antibody and Alexa anti-rabbit 488 and
PE-conjugated mouse anti-p24 antibodies. A&C. The percentage of Nef+p24- cells
was analyzed by flow cytometry. Uninfected Jurkat were used to set up the gate for
the dots blot (data not shown). B. Nef staining fluorescence intensity was determined
in p24- cells. The data were mean + SD of triplicates and representative of three

independent experiments. **, p < 0.01.
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Figure 16. Cell density-dependent Nef transfer among CD4+ T cells during

HIV-1 infection. Jurkat were infected with HIV-1 NL4-3 WT or ANef. When the

infection efficiency reached more than 90%, the cells were co-cultured with
uninfected Jurkat at a ratio of 1:1 but at a cell density of 1 x 10°,2 x 10°%, or 4 x 10°
cells /ml for 16 hr. At the end of the co-culture, the cells were double stained using
rabbit anti-HIV-1 Nef antibody and Alexa anti-rabbit 488 and PE-conjugated mouse
anti-p24 antibodies. The cells were analyzed by flow cytometry for Nef+p24- cells.
The data were mean + SD of triplicates and representative of three independent

experiments. *, p <0.05; ** p <0.01; NS: Not significant.
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Figure 17. Scheme of NLGi HIV. The GFP-IRES-Nef cassette is inserted in frame

in place of the first 34 amino acid HIV-1 Nef gene. It expresses GFP as an indicator

of the early gene expression as well as Nef itself.
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Figure 18. Scheme of NLGi ANef HIV. NLGi ANef was constructed by Xhol

digestion to NLGI and filling in the gap using T4 DNA polymerase.
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Figure 19. Comparison of Nef expression level by NL.4-3, NLGi and their nef-

deleted mutants. Proviral DNA of NL4-3, NLGi and their nef~deleted mutants were

transfected to 293T. Cell lysates were harvested at 3 days post transfection. Western

blotting was performed to determine Nef, Gag, GFP and B-actin expression.
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Figure 20. Intercellular Nef transfer from NLGi-infected CD4+ T cells to

uninfected T cells. MT4 were infected with NLGi (WT) or nef-deleted NLGi (ANef).

Co-culture of infected MT4 with Jurkat at 1:1 ratio was performed when MT4
infection reached 80%, determined by GFP expression. The cells were collected 48 hr
post co-culture. A. 50% of the cells remained uninfected determined by GFP
expression. B-D. Cells were stained using a mouse anti-Nef antibody (1539) and
Alexa anti-mouse 647. The cells were analyzed by flow cytometry for the percentage
of Nef+p24- cells (B&D) and Nef staining fluorescence intensity (FI) in GFP- cells
(C). The data were mean + SD of triplicates and representative of three independent

experiments. *** p <(0.001; NS: Not significant.
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difference in Nef expression level in the cells infected with those two viruses (Fig. 19).
Taken together, these results indicate that intercellular Nef can be transferred to other cell

types from HIV-infected cells.

1.4 Intercellular Nef transfer required membrane targeting function

To further determine the specificity of intercellular Nef transfer, we examined the if
intercellular Nef transfer requires Nef membrane targeting. Nef is myristoylated at N
terminal on its second amino acid glycine, which target Nef onto the plasma membrane
[237, 238]. Thus, we performed the intercellular Nef transfer assay using HIV-1 with the
amino acid mutation at position 2 of Nef from glycine to alanine (G2A). Compared to the
wild type (WT) counterpart, G2A mutation abolished Nef intercellular transfer (Fig. 21),
providing additional evidence to support the specificity between Nef expression and its
intercellular transfer and indicating that Nef membrane targeting is required for the

intercellular Nef transfer.

1.5 Extracellular structures associated with intercellular Nef transfer

As discussed above, intercellular protein transfer could be cell-cell contact-dependent
such as tunneling nanotubes and trogocytosis or cell-cell contact-independent such as
MYV or exosomes [239-241]. To discern these two intercellular Nef transfer mechanisms,
NL4-3-infected Jurkat and GFP-expressing Jurkat were used in the co-culture assay as

the donor and target cells, respectively. Immunostaining of the cells in the co-culture
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Figure 21. Abolishment of Nef transfer by myristoylation site mutation. Jurkat

were infected with HXB2 (WT) or Nef myristoylation site mutated HXB-2 (G2A).
When the cell infection reached 20-30%, determined by p24 staining, the cells were
double stained using a rabbit anti-HIV-1 Nef antibody and Alexa anti-rabbit 488 and
PE-conjugated mouse anti-p24 antibody. A&C. The percentage of Nef+p24- cells
was analyzed by flow cytometry. Uninfected Jurkat were used to set up the gate for
the dots blot (data not shown). B. Nef staining fluorescence intensity was determined
in p24- cells. The data were mean + SD of triplicates and representative of three

independent experiments. *, p < 0.05
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using an anti-HIV-1 Nef antibody in combination with microscopic imaging confirmed
the presence of HIV-1 Nef protein in GFP-expressing Jurkat (Fig. 22 A-C). Importantly,
tunneling nanotubes were noted to form between NL4-3-infected Jurkat and GFP-
expressing Jurkat. Of note was also formation of VS at the close contact between NL4-3-
infectd Jurkat and GFP-expressing Jurkat (marked by an extended arrow, Fig. 22C), and
a typical type of trogocytosis often detected among HIV-infected and uninfected cells
[242-244]. These results suggest that cell-cell contact-dependent TNT formation is likely

involved in intercellular Nef transfer.

1.6 Nef promoted virological synapse formation between infected and uninfected

CD4+ T cells

To analyze if Nef can promote intercellular contact between infected and uninfected cells,
we tested the Nef effects on VS formation. VS is one of the important types of
intercellular contact between infected and uninfected CD4+ T cells which is responsible
for rapid virus transfer. NL4-3-infected Jurkat (90% p24+) were co-cultured with
uninfected GFP Jurkat for 1.5 hr to allow the formation of VS before processed for
immunostaining of p24 (red). VS were recognized as accumulation of p24 at the site of
contact region between infected and uninfected cells under IF microscope (Fig. 23, white
arrows). To examine the involvement of Nef in VS formation, Jurkat were first infected
with HIV-1 or HIV-1 ANef (90% p24+) (Donor), co-cultured with uninfected GFP Jurkat
(Target) at different donor-target ratio but same cell density for 1.5 hr, and processed for

immunostaining of p24 (red). The percentage of infected cells engaged in VS formation
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Figure 22. Structures associated with intercellular Nef transfer. Jurkat were

infected with HIV-1 NL4-3 and used to co-culture with GFP-expressing Jurkat (0.5
x 10° each) in a volume of 500 pl medium in a 24-well plate (i.e., at a cell density of
1 x 10%ml) for 16 hr. At the end of the co-culture, the cells were stained using a
mouse anti-HIV-1 Nef antibody (sc-65904) and Alexa 555 anti-mouse IgG and
analyzed by microscopic imaging. DAPI staining was performed for nuclei. A-C. A
common type of structures associated with intercellular Nef transfer, i.e., tunneling
nanotube formation was noted. Rhodamine channel exposure time of each image
was optimized for fine TNT structure, which led to saturated fluorescence signal
(p24) in infected cells. Area of interest was marked and zoomed in and shown
below. C. Trogocytosis. Virological synapse formed between HIV-infected cells and
uninfected cells was marked by an extended arrow. Micrographs were representative

of three independent experiments.
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Figure 23. VS formation between infected and uninfected CD4+ T cells. Jurkat

were infected with HIV-1 NL4-3 and used to co-culture with GFP-expressing Jurkat
(0.5 x 10° each) in a volume of 500 ul medium in a 24-well plate (i.e., at a cell
density of 1 x 10%ml) for 1.5 hr. At the end of the co-culture, the cells were stained
using a PE-conjugated mouse anti-p24 antibody and analyzed by microscopic
imaging. DAPI staining was performed for nuclei. VS was marked by arrows.

Micrographs were representative of three independent experiments.
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was calculated based on manual counting under a IF microscope (Fig. 24). VS formation
was enhanced with the number of input donor cells in both WT and ANef virus-infected
cultures (Fig. 24). Importantly, a significant increase in VS formation was observed in
WT NL4-3-infected compared to NL4-3 ANef-infected cultures indicating a positive
effect of Nef on VS formation. Here, we conclude that Nef potentially contributes to
intercellular communication through promoting direct cell-cell connections such as VS

between infected and uninfected cells.

1.7 Nef-induced cytoskeleton rearrangement in CD4+ T cells

As showed previously, formation of intercellular structures TNT were involved in
intercellular Nef transfer (Fig. 22). As they were first described in 2004 [245], little is
known about how TNT formation is regulated. Until recently, M-Sec has been shown to
be important for TNT formation through actin cytoskeleton remodeling [246, 247].
Interestingly, HIV-1 Nef has long been linked to actin cytoskeleton remodeling through
PACS signaling pathways [212, 228, 248, 249]. To analyze the Nef effect on actin
dynamics, we utilized the Nef.GFP-expressing Jurkat to test if Nef affect F-actin and
tubulin distribution. As expected, staining with Phalloidin-TRITC for F-actin (red)
showed that Nef induced more protrusions in Nef.GFP-expressing Jurkat (Fig. 25 right
panels) compared to that in GFP-expressing Jurkat (Fig. 25 left panels). No obvious
effect of Nef on tubulin distribution was seen by tubulin immunostaining (red) of

Nef.GFP and GFP-expressing cells (Fig. 26).
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Figure 24. Nef-enhanced of VS formation. Jurkat were infected with HIV-1 NL4-

3 WT or ANef. When the infection efficiency reached more than 90%, the cells
were co-cultured with uninfected Jurkat at different donor-target ratio of 1:3, 1:2,
1:1, 2:1, 3:1 in a 24-well plate at a cell density of 1 x 10%ml for 1.5 h. At the end of
the co-culture, the cells were stained using a PE-conjugated mouse anti-p24
antibody. Percentage of infected cells engaged in VS formation was manually
counted in each co-culture. The data were mean + SD of triplicates and

representative of three independent experiments. **, p <0.01; *** p <0.001.
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Figure 25. Nef-induced F-actin protrusions in CD4+ T cells. Nef.GFP-expressing

Jurkat  (right panel) and GFP-expressing Jurkat (left panel) were plated to
polylysine-coated coverslip in a 24-well plate for 4 hr before Phalloidin-TRITC
staining for F-actin. Micrographs were representative of three independent
experiments. Areas of interest were marked white squares. Micrographs were

representative of three independent experiments.
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Figure 26. Unchanged microtubule formation in Nef-expressing CD4+ T cells.

Nef.GFP-expressing Jurkat (right panel) and GFP-expressing Jurkat (left panel) were
plated to polylysine-coated coverslip in a 24-well plate for 4 hr before
immunostaining for tubulin (red). Micrographs were representative of three

independent experiments.
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1.8 Exposure to concentrated exosomes gave rise to little Nef uptake by 293T

Several studies have reported detection of extracellular Nef in vitro [250, 251] and in vivo
[252]. As discussed in the Introduction, TNT, MV, and exosomes have all been shown to
be involved in intercellular Nef transfer [79-81, 186, 212]. Thus, we next examined the
roles of cell-cell contact-independent mechanisms such as MV or exosomes in
intercellular Nef transfer. To this end, an exosomes uptake assay was set up to analyze
the exosomes uptake and exosomes-mediated Nef transfer to the target cells. Briefly, we
first transfected the exosomes producer cells (293T) with Nef.GFP-expressing plasmid.
GFP was included as a negative control, while CD81.GFP was used as an exosome
marker [253-255]. The transfection efficiency was determined to be comparable and over
90% among these three transfections (Fig. 27A). The cell culture media were collected
and removed of dead cells and cell debris. The supernatants were used to isolate crude
exosomes. Crude exosomes were concentrated by 80 times after sequential centrifugation
and incubated with target cells (293T). Cellular uptake of GFP, Nef.GFP, and CD81.GFP
was monitored by microscopic imaging under 10x objective (Fig. 27B). As expected,
treatment of fresh 293T with crude exosomes isolated from CD81.GFP-transfected cells
showed uptake of CD81.GFP after 2 hr post treatment and the detection peaked after 24-
48 hr (Fig. 27B). In contrast, treatment of fresh 293T with the crude exosomes from
Nef.GFP and GFP-transfected cells showed no GFP detection. Micrographs were taken
on 48 hr post treatment. For quantitative measurement of possible Nef uptake, target cells
(293T) from above experiment were collected at 48 hr post treatment and processed for

flow cytometry analysis. Consistently, a significant CD81.GFP signal not Nef.GFP or
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Figure 27. No Nef uptake into 293T through exosomes by microscopic imaging.

A. 293T (2 x 10°) were plated on a 10 cm plate, transfected with GFP, CD81.GFP,
or Nef.GFP, and cultured for 16 hr, followed by direct microscopic imaging using a
FITC filter or under bright field. Micrographs were taken under a 10X objective. B.
Transfected cells were then cultured in exosome free medium for 3 days. Crude
exosomes from the culture medium (40 ml) were prepared as described above,
suspended in exosome-free medium, and added onto fresh 293T for 48 hr. At the end
of incubation, images of the target cells were taken with a FITC filter or under the
bright field under a 10X objective using IF microscope. The micrographs were

representative of images of two independent experiments.
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GFP signal was detected in target cells (Fig. 28). These results suggest that Nef transfer

is independent of exosomes uptaken processes.

1.9 Subcellular localization of uptaken CD81 and Nef in target cells

To take a closer look at the exosome uptake processes and to further evaluate its
association with intercellular Nef transfer, we next analyzed the subcellular localization
of exosomal protein CD81 in target cells in a timely manner (Fig. 29). Fresh 293T were
incubated with 80 times concentrated crude exosomes isolated from CD81.GFP, Nef. GFP
and GFP-transfected cells. Live cell images were taken at indicated time points under an
IF microscope with a 100X objective. Consistently, initial attachment of CD81.GFP
containing exosomes to the cell surface was detected after 3 hr post-incubation (Fig.
29A). Increased accumulation of CD81.GFP on the plasma membrane and its absorption
into the intracellular vesicle compartments were observed over time (Fig. 29B). However,
treatment of fresh 293T with the crude exosomes from Nef.GFP-transfected cells showed
a similar nonspecific and background GFP pattern to those treated with the crude
exosomes from GFP-transfected cells at both indicated time points (Fig. 29). These

results further confirm that intercellular Nef transfer is independed of exosomes.
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Figure 28. No Nef uptake into 293T through exosomes by flow cytometry.

Single cell suspension from Fig. 27B were prepared by trypsinization and PBS
washing and then processed for flow cytometry analysis. The data were

representative of two independent experiments.
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Figure 29. No Nef uptake into 293T through exosomes by live cell imaging.

As described above in Fig. 27, crude exosomes were prepared from GFP,
CD81.GFP, or Nef.GFP-transfected 293T. A&B. Exosomes were added onto fresh
293T in a polylysine-treated glass bottom dish, and incubated for 3 hr (A) and 12 hr
(B). At the end of each incubation, images of the target cells were taken with a
FITC filter or under the bright field (an100X objective). The micrographs were

representative of images from multiple fields of two independent experiments.
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1.10 Exposure to concentrated exosomes gave rise to little Nef uptake by Jurkat

To accurately and quantitatively determine possible Nef uptake by CD4+ T cells, fresh
Jurkat were incubated with the same crude exosomes and cell culture supernatants up to
48 hr. The cellular uptake of GFP, Nef.GFP and CD81.GFP was determined by flow
cytometry. Similarly, CD81.GFP uptake was detectable at 3 hr post-treatment and it was
gradual increases up to 48 hr in cells treated with the crude exosomes from CD81.GFP-
transfected cells (Fig. 30B). Compared to the crude exosomes from mock transfection,
there appeared slight but similar uptake of GFP and Nef.GFP by Jurkat from respective
crude exosomes. In addition, treatment of fresh Jurkat with the supernatant from
CD81.GFP-transfected cells showed slight CD81.GFP uptake at 24 hr and more
CD81.GFP uptake at 48 hr post-treatment (Fig. 30A). Compared to the mock control,
little GFP or Nef.GFP uptake was detected in Jurkat treated with the supernatants from
GFP- or Nef.GFP-transfected cells. Taken together, these results indicate that MV and

exosomes are unlikely involved in intercellular Nef transfer.

Interestingly, when target cells were treated with input CD81.GFP-labeled exosomes,
CDS81.GFP kept accumulating inside the target cells and peaked at 24-48 hr post-
treatment. Once the input exosomes were replaced with normal culture medium that
contained unlabeled exosomes, the CD81.GFP level rapidly decreased (Fig. 31). This
result supports the notion that exosomes uptake is a rapid and continuous event and
exosomal proteins undergo constant turnover. Taken together, the results further confirm

that Nef transfer, if any, is independent of exosomes.
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Figure 30. No Nef uptake into Jurkat by flow cytometry. As described above in

Fig. 27, 293T were transfected with cDNA3 (Mock), GFP, Nef.GFP, or CD81.GFP
plasmid and cultured in exosome-depleted medium for 3 days. Cell culture media
were collected and removed of cell debris (Supn), or used to prepare crude exosomes
(Exo) as described above. Jurkat (I x 10°) were incubated with 100 pl crude
exosomes (A) or 100 ul supernatants (B) for 3, 12, 24, or 48 hr. The cells were then
washed with PBS multiple times and analyzed by flow cytometry. The data were

representative of four independent experiments.
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Figure 31. Rapid turnover of uptaken exosomal protein in recipient cells.

Crude exosomes were prepared from CD81.GFP transfected 293T as described in
Fig. 27 and added to Jurkat (1 x 10°) for 24 hr and then input exosomes were
removed and cell were washed with PBS and continuous culture in complete RPMI
medium for another 72 hr. Cells collected at indicated time points (0, 24, 72 hr)
were processed for flow cytometry analysis. The data were representative of three

independent experiments.
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1.11 Nef was not detected in the AChE+ fractions of exosomes from HIV-infected

Jurkat

HIV-1 Nef has been shown to be selectively packaged into HIV-1 virions [256-258].
Several recent studies have successfully separated HIV-1 viral particles from exosomes
using sequential centrifugation method followed by OptiPrep gradient fractionation as
described in Introduction and Materials and Methods section. [79, 80, 185-187, 212, 259].
Thus, to confirm this newly developed method and further examine the relationship
between HIV-1 Nef and exosomes, we determined whether HIV-1 Nef present in the
exosomes directly derived from HIV-infected CD4+ T lymphocytes (Fig. 32). Jurkat
were infected with HIV-1 NL4-3, the culture supernatants were collected when the
infection efficiency reached about 70%, determined by p24 staining and flow cytometry.
Little cell death was detected, determined by trypan blue staining (data not shown). The
culture supernatants were then subjected to four rounds of sequential centrifugation to
ensure complete removal of dead cells and cell debris and then used to obtain the crude
exosomes by ultracentrifugation. The resulting pellet containing both crude exosomes
and viral particles were further purified in a 6-18% OptiPrep gradient. A total of 12
fractions from the top to the bottom were collected and assayed for the AChE activity for
exosomes and the reverse transcriptase (RT) activity. Consistent with previous findings
[79, 185, 187], AChE activity was detected in fraction 1-4, while RT activity was
detected in fraction 8-12 (Fig. 32A). Meanwhile, the fractions were assayed for HIV-1
p24 and Nef protein by Western blotting. In agreement with the RT activity above, both

p24 and Nef were detected in fraction 8-12 (Fig. 32B). However, there was no obvious
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Figure 32. No Nef detection in the AChE+ exosomes from HIV-infected Jurkat.

NL4-3-infected Jurkat (10 x 10°, about 70% p24+ determined by flow cytometry)
were cultured in 20 ml exosome-depleted medium for 3 days. The culture medium
was collected and removed of cell debris by three consecutive steps of
centrifugation: 600 g for 10 min, 2000 g, 10 min, and 10000 g for 30 min. The
cleared supernatants were then spun at 100,000 g for 70 min to obtain exosome
pellets. The pellets were suspended in 500 pl PBS and saved as crude exosomes.
The crude exosomes were further fractionated in a 5 ml 6-18% OptiPrep gradient at
250000 g for 90 min. Following the gradient centrifugation, a total of 12 fractions,
450 pl each from top to bottom was collected. A. Aliquot of each fraction was used
for AChE activity assay (24 pl, open circle), the reverse transcriptase (RT) activity
assay (200 pl, closed circle). B. TCA precipitation of total protein in each fraction
was performed followed by Western blotting using anti-p24 or anti-Nef antibodies
(sc-65904) (226 pl). The AChE and RT activities were mean + SD of triplicates; the

data were representative of three independent experiments.
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Nef detection in fraction 1-4. To exclude the possibility that the inability of Nef detection
in exosomes was due to the insufficient exosomes amount used in this experiment, we
increased the sample size to 200 ml, used concentrated exosomes and the result showed
the same (data not shown). Thus, we have confirmed that an efficient exosomes-virus
separation can be achieved by ultracentrifugation and shown that OptiPrep fractionation
method and HIV-1 Nef is not present in the AChE+ fractions of exosomes derived from

HIV-infected cells.

1.12 Nef was detected in AChE+ exosomes from gagi proviral DNA-transfected

293T

Earlier studies have detected Nef in exosomes from HIV/Nef-transfected cells [79, 186].
Thus, we next examined the possibility of whether failure to detect Nef in the exosomes
(Fig. 32) was due to a lower level of Nef expression in the infected cells and insufficient
exosomes production by Jurkat. To enhance Nef expression level and to enhance
exosomes production, 293T, a cell line with more active in exosomes production than T
cell lines such as Jurkat and MT4 were used as exosome producer cells. Meanwhile, a
GFP-labeled HIV-1 gagi was used in this experiment. Briefly, gagi is a reporter virus
with green fluorescence protein (GFP) coding sequence inserted after the cleavage site
between matrix and capsid in Gag gene, resulting in production of green virions and
p24.GFP fusion protein [260] (Fig. 33). 293T were transfected with gagi proviral DNA-
expressing plasmid. GFP was included as a negative control, while CD81.GFP was used

as an exosome marker. Crude exosomes together with virus particles were concentrated
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Figure 33. Scheme of gagi HIV. GFP-encoding gene was inserted in frame between

HIV-1 matrix (MA) and capsid (CA) after the protease cleavage site. Transfection
of 293T with gagi would allow production of Gag.GFP fusion protein and GFP-

labeled HIV-1 virions.
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from 70 ml cell culture medium by sequential centrifugation and then re-suspended into
500 pl PBS, 40 pl out of which was processed for Western blotting detection of GFP tag
and TSG101 (Fig. 34). Presence of exosomes were determined by CD81.GFP, presence
of viral particles were determined by Gag.GFP. In crude exosomes from GFP-transfected
293T, a trace amount of GFP was detected, suggesting the impurity of crude exosomes.
To further purify exosomes from virus particles and other potential contaminations such
as cell debris and apoptotic bodies, the rest 460ul of the crude exosomes were subjected
to OptiPrep gradient (6%-18%) centrifugation and fractionated into total 12 fractions
from top (6%) to bottom (18%). Each fraction was processed for AChE assay (Fig. 35A)
and Western blotting detection of viral proteins (p24.GFP, Nef) as well as exosome
markers (TSG101, HSP70) (Fig. 35B right). Cell lysates were collected and served as
controls for intracellular protein expression (Fig. 35B left). Consistently, exosomes were
mostly detected in fraction 1-4 by AChE assay and viruses were mainly detected in
fraction 8 to 12. Nef was co-fractionated with AChE and at the bottom fractions together
with viral particles. Here we concluded that, with enhanced protein expression level and
exosomes production by 293T, Nef is secreted into AChE+ exosomes. In contrast, two
other commonly used exosome markers HSP70 and TSG101 are mainly co-fractionated
with virus particles but not AChE+ exosomes. This could be explained by the higher
incorporation rate of these proteins into the virus particles, and the possibility of virus
exploiting and hijacking the endosome-exosomes biogenesis pathways. In this case,
detection of HSP70 and TSGI101 in the context of HIV-1 infection is no longer an

indication for exosomes.
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Figure 34. Detection of gagi and CD81.GFP in crude exosomes from gagi-

transfected 293T. 293T (2 x 10°) were plated in a 10 cm plate and transfected with

gagi, GFP or CD81.GFP. Transfected cells were then cultured in exosome-depleted
medium for 3 days. Culture medium was collected and pooled (about 70 ml total) for
crude exosomes (500 pl) as described above, while cells were harvested for cell
lysates. Crude exosomes (40 pl) were analyzed by Western blotting using anti-
TSG101 antibody. GFP was visualized at a wavelength of 488 nm by BD imaging
system. Western blotting were conducted using optimized condition, the molecular

weight does not match with the corresponding protein standard.
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Figure 35. Nef detection in AChE+ exosomes and virus fractions from gagi-

transfected 293T. The remaining 460 pl crude exosomes from gagi-transfected

cells in Fig. 34 were loaded on top of 6%-18% OptiPrep gradient centrifugation
made by gradient maker, followed by fractionation as described above. A. Aliquot
of each fraction was used for AChE activity assay (24 pl). B. The remaining sample
of each fraction was diluted in 4 ml PBS and spun at 100,000 g, 70 min. The pellets
were lysed in the RIPA buffer followed by Western blotting using indicated
antibodies. Gag.GFP were visualized by 488 nm detection using BD imaging
system. Western blotting were conducted using the optimized condition, the
molecular weight does not match with the corresponding protein standard. Whole
cell extracts (WCE)(100 pg) were included as controls (left panel). AChE activities
were mean = SD of duplicate samples. The data were representative of three

independent experiments.

125



1.13 Nef detection in crude exosomes from Nef-expressing 293T

Several publications have shown that Nef is detected in crude exosomes from Nef-
expressing cells without HIV-1 infection [79, 186]. To determine Nef presence in crude
exosomes, we transfected 293T with Nef. GFP. GFP was included as control. Crude
exosomes from each culture supernatant were prepared by sequential ultracentrifugation
and direct processed for Nef detection by Western blotting (Fig. 36). Transfected cells
were harvested for whole cell lysates as Western blotting controls (Fig. 36 left). As
expected, together with the exosome marker TSG101, Nef.GFP was detected in crude
exosomes from Nef.GFP-expressing cells (Fig. 36 right). Contamination from cell debris
was ruled out by Cyto c detection (Fig. 36 bottom). In contrast, a trace amount of GFP
was detected in the crude exosomes from GFP-expressing cells, suggesting a non-specific
binding or contaminations of other non-exosomes particles such as apoptotic bodies and
protein aggregates (Fig. 36 second lane from right). These results confirmed Nef
detection in crude exosomes and the existence of non-specific binding or contaminations

in crude exosomes.

1.14 Nef was detected in AChE+ exosomes from Nef.GFP-expressing 293T

To further ascertain Nef detection in purified exosomes, crude exosomes collected from
Nef.GFP-transfected 293T were prepared and fractionated through the 6-18% OptiPrep
gradient as described above (Fig. 37C & D). GFP was included as control (Fig. 37A &
B). The fractions were collected from top to the bottom and processed for the AChE

activity assay (Fig. 37A & C) and Western blotting (Fig. 37B & D). Transfected cells
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Figure 36. Nef detection in crude exosomes from Nef-transfected 293T. 293T (2

x 10%) were plated in a 10 cm plate and transfected with cDNA3, GFP or Nef.GFP
plasmid. Transfected cells were then cultured in exosome free medium for 3 days.
Culture medium was collected and pooled (about 70 ml total) for crude exosomes
(500 pl) as described above, while cells were harvested for cell lysates. WCE (40
ug) and crude exosomes (40 ul) were analyzed by Western blotting using an anti-
GFP, TSG101, or Cyto c antibody. GFP was visualized at a wavelength of 488 nm
by BD imaging system. The data were representative of four independent

experiments.
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Figure 37. Nef detection in AChE+ exosomes from Nef-transfected 293T. The
remaining 460 pl of crude exosomes from Fig. 36 were loaded on top of a 6%-18%
OptiPrep gradient for centrifugation, followed by fractionation as described above.
A&C. Aliquot of each fraction was used for AChE activity assay (24 ul). (A.
Nef.GFP, C. GFP). B&D. Forty microliters of each fraction was used for Western
blotting using indicated antibodies (*). The remaining fractions were diluted in 4 ml
PBS and spun at 100,000 g, 70 min. The pellets were lysed in the RIPA buffer
followed by Western blotting using indicated antibodies. GFP was visualized at a
wavelength of 488 nm by BD imaging system. Western blotting was conducted
using the optimized condition, the molecular weight does not match with the
corresponding protein standard. WCE (100 pg) were included as controls (left
panel). AChE activities were mean £ SD of duplicate samples. The data were

representative of three independent experiments.
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were harvested for whole cell lysates as Western blotting controls (Fig. 37B & D left
panels). Besides the AChE, TSG101 was also used as an exosome marker [173] detected
by Western blotting. Consistently, AChE was detected only in fraction 1-4 in both
Nef.GFP and GFP groups by AChE assay (Fig. 37A & C). Interestingly, TSG101 was
detected slightly in fraction 2 and more in fractions 5-8 in both unconcentrated (Fig.
37B* & D¥*) or concentrated (Fig. 37B & D) samples. A trace amount of GFP was
detected among all fractions in concentrated samples, which was considered as a
nonspecific detection independent of exosomes (Fig. 37B). Importantly Nef. GFP was
clearly detected in fraction 2 and 3 in concentrated samples, seemingly only co-existent
with AChE+ fractions (Fig. 37 D). In addition, without highly concentration, Nef was
hardly detected in any fractions while both AChE activity and TSG101 detection were
still evident, suggesting a low efficiency of Nef incorporation into exosomes. Taken
together, we conclude that a small amount of Nef is detected only in AChE+ fractions

from Nef.GFP-transfected cells.

1.15 Identification of AChE+CD81""/TSG101""" exosomes and AChE-

CD81"#"/ TSG101"#"/ exosomes

Interestingly, a disparity in exosome marker AChE and TSG101 distribution in OptiPrep
gradient was noticeable. The results implied the existence of two different exosome
subpopulations. To test this hypothesis, other commonly used exosome markers including
CDS81, CD9, HSP70 and TSG 101 included in OptiPrep fractionation experiment. Briefly,

we transfected 293T with CD81.GFP-expressing plasmid. As described above, crude
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exosomes were isolated and fractionated through the 6-18% OptiPrep gradient. Twelve
fractions were collected after the gradient fractionation and used for the AChE activity
assay and Western blotting. Transfected cells were harvested for whole cell lysates as
protein expression controls (Fig. 38B left). In agreement with literatures and our previous
results, AChE was detected in fractions 1-4 (Fig. 38A). Unlike AChE and Nef.GFP (Fig.
37B), CD81.GFP was detected not only in fraction 2 that co-existent with AChE+
fractions, but also in fractions 4-9 and co-existent with TSG101+ fractions (Fig. 38B).
Besides CD81 and TSG101, two additional exosome markers CD9 and HSP70 [173]
were also detected in fractions 2 (trace amount) and 4-9. No clear Cyto c detection was
observed except for a trace amount at the bottom fraction suggesting the absence of cell
debris contamination. Since exosomes are heterogeneous and could harbor different
markers and contents, the expression disparity between AChE and other exosome
markers implies the existence of two different populations of exosomes, which were
successfully separated by this exosome isolation protocol which are:
AChE+CD81"°Y/TSG101"" exosomes and AChE- CD81™¢"/TSG101"€" exosomes and
that Nef is detected only in AChE+CD81*/TSG101"" exosomes from Nef-GFP-

transfected cells.

1.16 Sensitivity of AChE-/CD81"#"/TSG101"2" exosomes to detergent treatment

Distinct levels of exosomal markers AChE, CD81, TSG101, CD9, and HSP70 between

AChE+/CD81°"/TSG101"" exosomes and AChE-/CD81"#/TSG101"" exosomes
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Figure 38.Separation  of  AChE+/CD81""/TSG101™ from  AChE-

/CD81"¢"/TSG101™" exosome subpopulations. 293T (2 x 10°) were plated in a
10 cm plate and transfected with CD81.GFP. Transfected cells were then cultured in
exosome free medium for 3 days. Culture medium was collected and pooled (about
70 ml total) for crude exosomes (500 pl) as described above, while cells were
harvested for cell lysates for WCE. The crude exosomes were subjected to the
OptiPrep gradient centrifugation and fractionation. A. Aliquot of each fraction was
used for AChE activity assay (24 ul). B. The remaining fractions were diluted in 4
ml PBS and spun at 100,000 g, 70 min. The pellets were lysed in the RIPA buffer
followed by Western blotting using indicated antibodies. GFP was visualized at a
wavelength of 488 nm by BD imaging system. Western blotting were conducted
using the optimized condition, the molecular weight does not match with the
corresponding protein standard. WCE (100 pg) were included as controls (left
panel). The AChE activities were mean = SD of triplicates; the data were

representative of three independent experiments.

134



suggest the existence of two types of exosomes. To confirm the membrane vesicular
structure of these two exosome subpopulations, we next analyzed the sensitivity of these
two types of exosomes to detergent treatment. To this end, we suspended the crude
exosomes from CDS81.GFP-transfected cells with the RIPA buffer containing both
nonionic and ionic detergents Triton X-100, SDS, and DOS, followed by three rounds of
freezing and thawing. The RIPA-treated crude exosomes were then subjected to the 6-18%
OptiPrep gradient centrifugation. Compared to untreated crude exosomes (Fig. 39A),
ACHhE activity was still detected in fractions 1-4 but at a considerably decreased level
(Fig. 39C) while CD81.GFP and TSG101 were completely disappeared from fraction 4-8
and were detected in fraction 1 at a considerably decreased level, which we believe to be
the broken pieces floating on top of the gradient (Fig. 39B & D). These results indicate
that AChE+/CD81'""/TSG101"*" exosomes and AChE-/CD81"#"/TSG101"*" exosomes
are both membrane-bounded vesicles sensitive to detergent treatment. Interestingly,
AChE+/CD81°*/TSG101"™ showed some resistance to RIPA buffer treatment as they
were still detected at the original fractions while the AChE activity showed a reduction
by 50% compared to untreated control (Fig. 39A & C). This resistance is possibly due to
the difference in their lipid contents in their outer membranes such as lipid raft
enrichment. Lipid rafts are enriched with GPI anchor proteins such as AChE and are
resistant to the nonionic detergent such as Triton X-100, the major component in RIPA
buffer. These results suggest that these two populations of exosomes differ in their

biogenesis pathways.
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Figure 39. Different sensitivity of AChE+/CD81""/TSG101"" and AChE-

/CD81""/ TSG101"" exosome subpopulations to detergent treatment. 293T (2

x 10% were plated in a 10 cm plate and transfected with CD81.GFP. Transfected
cells were cultured in exosome free medium for 3 days. Culture medium was
collected, pooled (about 30 ml) and used to isolate crude exosomes as described
above. The crude exosomes were either re-suspended in 100 pul PBS (A&B) or lysed
in 100 pl RIPA buffer followed by 3 rounds of freezing and thawing on dry ice
(C&D). Crude exosomes were re-suspended in 400 pul PBS, followed by the same
6%-18% OptiPrep gradient centrifugation. A&C. Aliquot of each fraction was used
for AChE activity assay (24 pl). B&D. The remaining fractions (426 pl) were
diluted in 4 ml PBS and spun by 100,000 g, 70 min. The pellets were lysed in the
RIPA buffer, followed by Western blotting using an anti-TSG101 antibody. GFP
was visualized at a wavelength of 488 nm by BD imaging system. Western blotting
were conducted using the optimized condition, the molecular weight does not match
with the corresponding protein standard. WCE (100 pg) were included as controls
(left panel). The AChE activities were mean += SD of triplicates; the data were

representative of three independent experiments.
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1.17 Intracellular and extracellular localization of Nef in comparison to CD81

HIV-1 Nef is myristoylated at its second amino acid glycine and as a result, is targeted to
the plasma membrane while it is also detected in cytosol around the perinuclear region
[237, 261-263]. Exosomal biogenesis involves formation of internal vesicles in the
endosomes and release of internal vesicles from multivesicular bodies to the outside of
the cell [173, 264]. Thus, to ascertain the relationship between HIV-1 Nef and exosomes,
we determined intracellular and extracellular Nef localization in comparison to CD81, the
widely used exosomal marker [253-255]. 293T were transfected with GFP, Nef.GFP, or
CD81.GFP, followed by immunostaining for endogenous CDS81. Intracellular and
extracellular localization of endogenous CD81 and Nef.GFP/CD81.GFP proteins were
analyzed by IF and confocal microscopic imaging. As expected, GFP was expressed
throughout the cell while CD81.GFP was detected in the plasma membrane as well as in
exosomal vesicle-like structures in (Fig. 40) and out of the cell (Fig. 41). In contrast, Nef
was detected on the plasma membrane and cytosol, but not evidently in co-localized with
CDS81 both in and out of the cells (Fig. 42). Staining of endogenous CD81 showed
similar CD81 localization as CD81.GFP and staining of exogenous CD81.GFP using
CDS81 antibody further confirmed the specificity of CD81 localization (Fig. 42). These
results provide additional evidence to support that HIV-1 Nef is not likely associated with

€X0Somes.

1.18 Detection of Tat in crude exosomes

Similar to Nef, Tat is released into the extracellular environment and taken up by

bystander cells. To test the possibility of Tat to incorporate into exosomes, we transfected
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Figure 40. Intracellular localization of Nef in comparison to CD81. 293T (5 X

10*) were plated on polylysine-coated coverslips and transfected with GFP,
CD81.GFP, or Nef.GFP plasmid. Twenty-four hours post-transfection, the cells
were fixed and followed by direct microscopic imaging using a FITC filter (100X
objective). GFP-transfected cells were also stained using an anti-CD81 antibody
followed by Alexa Fluor 555 goat anti-mouse secondary antibody, which allows
visualization of both endogenous and exogenous CD81 expression and localization
using a Rhodamine filter (100X objective) (Upper panel). Area of interest are
marked and shown with a higher magnification right below respective images
(Bottom panel). Arrows: intracellular vesicle-like structures. The micrographs were

representative of images from multiple fields of three independent experiments.
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Figure 41. No Nef detection in extracellular exosome-/microvesicle-like particles.

The experiments were conducted as Fig. 44. Area of interest are marked (Upper
panels) and shown w/ a higher magnification below respective images (Bottom
panels). Micrographs were taken with a extended exposure time to show extracellular
vesicle-like particles. The micrographs were representative of images from multiple

fields of three independent experiments.
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Figure 42. No evident intracellular co-localization of Nef with CD81. 293T (5X

10*) were plated in a 24-well plate and transfected with GFP, Nef.GFP, or
CD81.GFP plasmid. Twenty-four hours post transfection, the cells were re-plated
on top of polylysine-treated coverslip in a 24-well plate. Cells were attached for 24
hr and processed for immunostaining using an anti-CD81 antibody, followed by
Alexa Fluor 555-conjugated goat anti-mouse secondary antibody, which allows
detection of both endogenous and exogenous CD81 expression and localization
using a rhodamine filter under confocal microscope (60X objective). GFP tagged
protein expression and localization were detected using a FITC filter. The
micrographs were representative of images from multiple fields of three independent

experiments.
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293T with Tat.myc. Cell culture supernatants were collected and processed for crude
exosome isolation by sequential centrifugation as described above. Presence of Tat.Myc
in crude exosomes was detected by Western blotting (Fig. 43 right panels). Nef.myc was
included as a reference. Exosomes from cDNA3-transfected 293T were used as negative
control. Detection of endogenous nucleus protein Tipl10 was used as a control for cell
debris contaminations. Cells were harvested for cell lysate as a control protein expression
(Fig. 43 left). The results show Tat detection in crude exosomes. Further purification and

validation are needed to confirm the Tat-exosomes association.

1.19 Detection of USP15 in AChE+/CD81""/TSG101"" exosomes

USP15 was detected in crude exosomes from one proteomic analysis [265]. As a putative
exosomal protein, we further analyzed its association with exosomes using both
sequential centrifugation and OptiPrep gradient centrifugation and fractionation methods.
USP15.myc was strongly detected in crude exosomes prepared from culture medium of
transfected 293T (Fig. 44). TSG101 was included as an exosome marker and Tip110 and
Cyto ¢ were included as control for cell debris contamination. Next, crude exosomes
from USPI15.myc-transfected 293T were loaded on top of a OptiPrep gradient for
ultracentrifugation and fractionation for AChE assay and Western blotting detection of
USP15.myc and B-actin (Fig. 45). The results show a strong association of USP15 with
AChE+ exosomes in fractions 1-3 of OptiPrep gradient. B-actin was detected co-
fractionated with both AChE and USP15. Similar to Nef, USP15 is mainly incorporated

into AChE+/CDS81"°%/TSG101°" exosomes.
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Figure 43. Detection of Tat in crude exosomes from Tat-transfected 293T. 293T

(2 x 10% were plated in a 10 cm plate and transfected with cDNA3, Nef.myc or
Tat.myc. Transfected cells were then cultured in exosome free medium for 3 days.
Culture medium was collected and pooled (about 70 ml total) for crude exosomes
(500 pl) as described above, while cells were harvested for cell lysates. WCE (40
pg) and crude exosomes (40 pul) were analyzed by Western blotting using anti-myec,
anti-Tipl10 antibodies. The data were representative of two independent

experiments.

147



kpa WCE Exosomes

130 < USP15.myc

55—

43— < TSGI101

Ho—{ | [ |eTip 110

< Cytoc

148



Figure 44. Detection of USP15 in crude exosomes from USP15-transfected

293T. 293T (2 x 10% were plated in a 10 cm plate and transfected with cDNA3,
USP15. Transfected cells were then cultured in exosome free medium for 3 days.
Culture medium was collected and pooled (about 70 ml total) for crude exosomes
(500 pl) as described above, while cells were harvested for cell lysates. WCE (40
ug) and crude exosomes (40 pl) were analyzed by Western blotting using indicated

antibodies. The data were representative of three independent experiments.
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Figure 45. Detection of USP15 in AChE+/CD81"Y/TSG101"" exosomes.

293T (2 x 10°) were plated in a 10 cm plate and transfected with cDNA3, USP15.
Transfected cells were then cultured in exosome free medium for 3 days. Culture
medium was collected and pooled (about 70 ml total) for crude exosomes (500 pl) as
described above, while cells were harvested for cell lysates (lower left). Crude
exosomes were loaded on top of a 6%-18% OptiPrep gradient followed by
fractionation as described above. A. Aliquot of each fraction was used for AChE
activity assay (24 ul). B. The remaining 426 pul were subjected to TCA precipitation
followed by Western blotting using indicated antibodies. The data were

representative of two independent experiments.
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1.20 Optimized Western blotting protocol for exosome protein detection

Detection of exosome proteins by Western blotting has always been a challenge due to
their membranous hydrophobic nature and the low efficiency of current exosomes
isolation method. At the beginning of our study, Nef and CD81 detection was very weak
in the Western blotting analysis. To enhance the detection level, several optimized
protocols were tested to enhance the sensitivity of membranous protein detection by
Western blotting [266]. One critical optimization step identified in our study was to lower
the sample preparation temperature in SDS loading buffer from 100°C 10 min to 37°C 30
min. Cells from cDNA3, GFP, Nef. GFP and CD81.GFP transfections were collected 3
day post-transfection and processed for Western blotting analysis with (Fig. 46 upper
panels) or without (Fig. 46 bottom panels) optimization. After electrophoresis and protein
transfer, membranes were processed for direct GFP fluorescence level detection by 488
channel under a BD imager. The results showed a significant enhancement in GFP and
GFP-tagged protein detection after optimization (Fig. 46A). Meanwhile, due to
denaturation of GFP under high temperature, in the 100°C group, fluorescence detection
under 488 channel was very low. After protein transfer, gels were processed for GFP
fluorescence level detection for measuring the transfer efficiency (Fig. 46B). In
optimized groups, all GFP was efficiently transferred out of the gel while a minimal
amount of Nef.GFP was still detected on the gel. Under the same condition, a significant
amount of CD81.GFP was retained on the gel, suggesting that the hydrophobic nature

caused difficulties in protein transfer during protein transfer step in Western blotting
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Figure 46. Optimized condition for membranous protein (Nef, CD81) detection

in Western blotting. 293T were transfected with CD81.GFP, Nef.GFP, GFP, and

cDNA3. WCE were prepared with RIPA buffer followed by sonication on day 3
post-transfection. WCE (40 pg) from each sample was mixed with SDS loading
buffer and incubated at 100°C for 3 min (upper panels) or at 37°C for 30 min before
running on a SDS-PAGE gel (10%) for separation. Proteins were then transferred to
membrane under 100 volt for 1 hr in a regular transfer buffer. A&B. After transfer,
membrane (A) and gel (B) were subjected to GFP fluorescence detection under 488
channel by using a BD imaging system. C. Membranes were then blotted using a
rabbit anti-GFP antibody with HRP conjugated anti-rabbit IgG. The data were

representative of two independent experiments.
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analysis. Similar to Fig. 46A, GFP fluorescence detection under 488 channel in the
100°C group was very weak due to the protein denaturation (Fig. 46B upper panels).
Membranes were then processed for GFP blotting by using rabbit anti-GFP as primary
antibody together with HRP conjugated anti-rabbit IgG as secondary antibody followed
by ECL detection (Fig. 46C). A reasonable level of GFP was detected in the 100°C group
while in optimized group, antibody detection of GFP was weak due to incomplete protein
denaturation at 37°C suggesting this antibody requires complete denaturation of target
protein. In addition, a size difference of GFP was observed in optimized group compared
with 100°C group. This further confirmed our speculation of insufficient denaturation at
37°C suggesting that protein migration on gel is not indicated by the size under the
optimized condition. Importantly, a significant enhancement in Nef.GFP and CD81.GFP
detection was observed in the optimized group. Our results show that the optimized
protocol efficiently increased membranous protein detection and that this protocol can be

used for all membranous protein detections by Western blotting analysis.
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PART 2. HIV-1 INFECTION OF ASTROCYTES

2.1 Temperature-dependent cell-free HIV-1 endocytosis by astrocytes

In our previous studies, we have shown that cell-free HIV-1 infection of astrocytes is
mediated by gpl120- and human mannose receptor (hMR)-dependent endocytosis in a
CD4-, CCR5- and CXCR4-independent manner [147, 236]. To ascertain the hMR-
mediated endocytosis nature of cell-free HIV-1 infection in astrocytes, we first tested the
virus entry into astrocytes through receptor-mediated endocytosis, which was known as a
temperature dependent process [267, 268]. Briefly, HPA were infected with cell-free
HIV-1 at two different temperatures, i.e., 37°C and 4°C for 4 and 16 hr. Then the virus
entry into astrocytes was determined by immunostaining for HIV-1 p24 (red), while
GFAP (green) and DAPI (blue) staining were performed to identify the astrocytes and the
nucleus, respectively. As expected [267, 268], p24 staining was detected only in HPA at
37°C as soon as 4 hr post-infection and peaked after 16 hr. In contrast, there was no
positive p24 staining in HPA at 4°C (Fig. 47A). Same results were obtained by using

U373.MG (Fig. 47B).

2.2 gpl120- and human mannose receptor (hMR)-dependent cell-free HIV-1

endocytosis by astrocytes

Next, to further ascertain the viral and cellular factors involved in cell-free HIV-1
endocytosis, HPA were infected with cell-free HIV-1 in the presence of anti-HIV gp120
antibody, or hMR antagonist yeast mannan or dextran sulfate for 16 hr. Then the virus

entry into astrocytes was determined by immunostaining for HIV-1 p24 (red), GFAP
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Figure 47. Temperature-dependent cell-free HIV-1 endocytosis into astrocytes.

A. HPA were incubated with HIV-1 NL4-3 equivalent to 15,000 cpm at 37°C (upper
2 panels) or 4°C (bottom panel) for 4 or 16 hr. Unbound viruses were removed by
extensive washes with PBS, the cells were then fixed and stained for p24, GFAP and
DAPI. B. Same experiments as (A) were conducted using U373.MG. The

micrographs were representative of images of three independent experiments.
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(green) and DAPI (blue). Our results showed that treatment of anti-HIV gp120 antibody
(Fig. 48) and yeast mannan (Fig. 49) or dextran sulfate (Fig. 50) all led to significant
decreases of p24 detection in HPA in a concentration dependent manner. These results
confirm the important role of hMR-mediated endocytosis in cell-free HIV-1 infection of

astrocytes.

2.3 Time-dependent degradation of endocytosed HIV-1 in astrocytes

In general, receptor-mediated endocytosis delivers ligands to early sorting endosomes,
where ligands become dissociated from their receptors, then ligands traffic to late
endosomes and lysosomes for degradation [269-271]. Thus, it is highly conceivable that
HIV-1 uptaken through hMR-mediated endocytosis into astrocytes would mainly lead to
degradation and as a result, little infection. To determine this possibility, HPA were
incubated with cell-free HIV-1 for 24 hr to allow the virus endocytosis to take place.
Then the cells were removed of unbound viruses and continued to culture in fresh
medium at 37°C for additional 24 hr and 48 hr. At the end of each time points, the cells
were stained for p24, GFAP or DAPI as above (Fig. 51). Compared to p24 staining in
HPA at the beginning of the continued culturing (0 hr), there was a considerable decrease
of p24 staining in the HPA at 24 hr and even more decrease of p24 staining in the HPA at
48 hr. Our results show an overwhelmingly degradation of endocytosed virus after 24 hr
and little p24 detection after 48 hr post-infection. To quantitatively confirm this finding, a
previously described HIV-1 reporter virus gagi was used in the same experiment (Fig.
33). gagi was used to infect HPA as above and the dynamics of gagi in HPA was

monitored by flow cytometry. Consistent with the findings obtained by p24 staining, gagi
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Figure 48. gp120-dependent cell-free HIV-1 entry into astrocytes. HPA were

plated to polylysine-coated coverslips and incubated with HIV-1 in the presence of
anti-HIV gp120 antibody at different concentrations for 4 hr. HIV-1 was pretreated
with same amount of gp120 antibody for 30 min before added to HPA. HPA were
washed and processed for p24, GFAP and DAPI staining, followed by microscopic
imaging. The micrographs were representative of each treatment from four

independent experiments and representative of three independent experiments.
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Figure 49. Abolishment of cell-free HIV-1 endocytosis by yeast mannan.

HPA were plated to polylysine-coated coverslips and pretreated with yeast mannan
at different concentrations for 30 min before incubated with HIV-1 for 4 hr in the
presence of same concentration of yeast mannan. HPA were washed and processed
for p24, GFAP and DAPI staining followed by manual counting of the percentage of
p24+ cells. The data were mean £ SD of triplicate samples and representative of

three independent experiments.
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Figure 50. Abolishment of cell-free HIV-1 endocytosis by dextran sulfate. HPA

were plated to polylysine-coated coverslips and pretreated with dextran sulfate at
different concentrations for 30 min before incubated with HIV-1 for 4 hr in the
presence of same concentration of dextran sulfate. HPA were washed and processed
for p24, GFAP and DAPI staining followed by microscopic imaging. The
micrographs were representative of each treatment from four independent

experiments.
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Figure 51. Time-dependent degradation of endocytosed HIV-1 in astrocytes by

microscopic imaging. HPA were incubated with HIV-1 NL4-3 equivalent to 15,000

cpm at 37°C for 16 hr. Unbound viruses were removed by extensive washes with
PBS, the cells were continued incubated for 0, 24 or 48 hr before being fixed and
stained for p24, GFAP and DAPI. The micrographs were representative of each

treatment from three independent experiments.
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was significantly decreased at day 1, almost became undetectable at day 2 and beyond
(Fig. 52). Inability to detect HIV-1 in astrocytes after 2 days of infection could be due to
degradation of input viruses following endocytosis or lack of de novo Gag expression and
infectious progeny viruses resulting from restricted HIV-1 structural gene expression in
astrocytes. In addition, to determine whether HIV-1 uptaken by hMR-mediated
endocytosis would give rise to productive HIV-1 infection of astrocytes, MT4 were co-
cultured with the HPA at day 5 post gagi-infection for additional 9 more days and then
analyzed by flow cytometry for gagi+ MT4 (Fig. 53). There were no gagi+ MT4 detected
in both mock- and gagi-infected HPA, suggesting that despite being taken up by HPA,
endocytosis of cell-free HIV-1 might not likely lead to establishment of efficient HIV-1

infection in HPA.

2.4 HIV-1 transfer from infected Jurkat to astrocytoma cell line U373.MG

Cell-cell contact-mediated HIV-1 infection has attracted a great deal of attention in the
past few years, and one early report has indeed described this phenomenon in astrocytes.
Considering the notion that HIV-1 gains access to the brain via infiltrating HIV-infected
monocytes/macrophages and CD4+ T lymphocytes and considering the highly compact
nature of the cells in the brain [104, 117], cell-cell contact is likely to contribute to HIV-1
infection in the brain cells such as astrocytes. To determine the possibility, HIV-1 NL4-3-
infected GFP Jurkat were co-cultured with U373.MG for 16 hr on top of polylysine
coated coverslips before processed for p24 staining (Fig. 54). Formation of cell-cell

connections through synapse (Fig. 54 upper panel, arrow), and nanotubes like structures
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Figure 52. Time-dependent degradation of endocytosed HIV-1 in astrocytes by

flow cytometry. HPA were incubated with GFP-labeled HIV-1 gagi equivalent to

15,000 cpm at 37 °C for 16 hr. Unbound viruses were removed by extensive washes
with PBS, the cells continued to incubate for indicated lengths of time before
collected for flow cytometry analysis for GFP mean fluorescence intensity (MFI).
Mock-infected HPA were included as a control (Ctrl). The relative MFI were mean

+ SD of triplicate samples and representative of three independent experiments.
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Figure 53. Endocytosis of cell-free HIV-1 into astrocytes failed to establish

infection. HPA from day 5 post-infection with gagi from Fig. 52 were co-cultured
with MT4 for 9 more days. MT4 were recovered by gentle washing with PBS and
analyzed by flow cytometry for GFP expression. Dot plots were representative of

three independent experiments.
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Figure 54. HIV-1 transfer from infected Jurkat to U373.MG in co-cultures. HIV

NL4-3-infected GFP-expressing Jurkat, determined to be 70% p24+ by flow
cytometry were added to U373.MG for 16 hr. Cells were gently washed once with
PBS and fixed for p24 (red), DAPI (blue) staining. Structures of interest were
marked by arrows. The micrographs were representative of images from multiple

fields of four independent experiments.
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(Fig. 54 bottom panel, arrow) between HIV-infected GFP Jurkat and astrocytes were
repeatedly observed. Significant amount of p24 was detected in U373.MG after co-
culture. Of note, the p24 detection in U373.MG after co-culture could come from both
direct cell-cell contact-mediated virus transfer and endocytosis of cell-free virus released

by infected T cells during co-culture.

2.5 HIV-1 transfer from infected Jurkat to HPA, 293T but not SH-SY5Y

To determine if the direct cell-cell contact-mediated HIV-1 transfer also occurs between
infected Jurkat and other cell types including HPA, human embryonic kidney cell line
293T and neuroblastoma cell line SH-SY5Y. To this end, NL4-3-infected Jurkat were co-
cultured with uninfected HPA for 16 hr on top of polylysine-coated coverslips before
processed for p24 (red), GFAP (green) and DAPI (blue) staining (Fig. 55 top). Direct
cell-cell connections and virus transfer between infected Jurkat and GFAP+ HPA were
observed under an IF microscope. Similar co-culture experiments were conducted using
NL4-3-infected GFP Jurkat as donor cells and 293T (Fig. 55 middle) or SH-SYS5Y (Fig.
55 bottom) as target cells. Cells were processed for p24 (red) and DAPI (blue) staining at
16 hr post co-culture. Direct cell-cell connection between donor and target was observed

in both co-cultures, while virus transfer was only observed in 293T but not SH-SYS5Y.

2.6 Highly efficient entry of HIV-1 into astrocytes through direct cell-cell contact

As we have shown above, virus transfer from infected T cells to astrocytes through both
cell-free and cell-cell contact-dependent manner. In order to compare the virus infection

through these two routes, a unique experimental scheme was designed as described
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Figure 55. HIV-1 transfer from infected Jurkat to HPA, 293T and SH-SYSY in

co-cultures. A. Similar co-culture experiments as Fig. 54 were conducted by using
infected Jurkat as donor cells and uninfected HPA as target cells. Cells were gently
washed with PBS and fixed for p24 (red), GFAP (green) and DAPI (blue) staining.
B&C. Similar co-culture experiments as Figure 37 were conducted by using infected
GFP Jurkat as donor cells and uninfected 293T (B) or SH-SY5Y (C) as target cells.
Cells were gently washed with PBS and fixed for p24 (red), and DAPI (blue)
staining. The micrographs were representative of images from multiple fields of

three independent experiments.
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Figure 56. Experimental scheme to discern cell-cell contacted-mediated HIV-1

infection of astrocytes. An equal number of astrocytes (5 x 10%) (HPA or

U373.MQG) were plated and cultured in a 24-well plate or at the bottom of a 24-well
transwell plate. HIV-1 NL4-3-infected Jurkat (5 x 10%), determined to be 50-70%
infected by p24 staining and flow cytometry, were cultured in 500 pl fresh culture
medium for 16 hr. The culture supernatant was collected, removed of cell debris and
saved as virus stock to infect astrocytes (Cell-free); NL4-3-infected Jurkat were
collected, the infected cells (5 x 10%) were used to co-culture with astrocytes (Co-
culture) or plated onto the insert of the transwell in the bottom of which astrocytes
were cultured (Transwell). After incubation for 16 hr, the cells were fixed and
processed for immunostaining, followed by microscopic imaging. Micrographs were

representative of each treatment from three independent experiments.
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in Materials and Methods section as cell-cell and cell free virus transfer assay (Fig. 56).
i.e., to culture HIV-infected CD4+ T lymphocytes Jurkat in fresh medium for 16 hr, then
the cell-free supernatant and the cells were separately collected. The supernatant was
used to infect astrocytes U373.MG, while the same number of cells were co-cultured with
U373.MG or placed on the insert of a transwell in which U373.MG were cultured at the
bottom. U373.MG from each infection were collected 16 hr post infection and stained for
p24 (red), GFAP (green) DAPI (blue). p24 was only detected in the co-cultured
U373.MG and only in the U373.MG that were in close contact with HIV-infected Jurkat,

but not in cell-free and transwell infections (Fig. 57).

2.7 Quantitative comparison of virus infection between cell-free and cell-cell

contact-mediated virus transfer from T cells to astrocytes

To validate the findings in HPA and to accurately quantify and compare the efficiency
between cell-cell contact versus cell-free virus transfer, stable GFP-expressing Jurkat
were used in place of regular Jurkat as donor cells and HPA as the target cells in the
similar experiments as described in Figure 56. Use of GFP-Jurkat allows complete
exclusion of input GFP-expressing Jurkat donor cells from the HPA in the samples by
flow-cytometry and accurate quantitation of these p24+ HPA. The majority of unattached
cells (input GFP-expressing Jurkat) in the co-culture were removed by extensive washing
before the attached cells (HPA) from each infection were trypsinized and processed for
immunostaining and flow cytometry analysis (Fig. 58A). In collected samples, the

majority of the cells were determined to be HPA (GFP- population) while very minimal
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Figure 57. Cell-cell contact-mediated HIV-1 infection of astrocytes. Experiments

as Fig. 56 were conducted using U373.MG and micrographs were taken after p24
(red), GFAP (green) and DAPI (blue) staining. Micrographs were representative of

each treatment from three independent experiments.
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Figure 58. Quantitative detection of cell-cell contact-mediated HIV-1 infection

of astrocytes. A. Similar experiments as those in Figure 56 were performed except
for use of GFP-expressing Jurkat in place of regular Jurkat and HPA were used as
target cells. HPA were removed of GFP-expressing NL4-3-infected Jurkat by
extensive PBS washes, and then stained for p24, followed by flow cytometry
analysis for p24+GFP- HPA (top panel), or the cells were directly analyzed for GFP
(bottom left) and p24 (bottom right) fluorescence intensity by flow cytometry. Dot
plots and histographs were representative of three independent experiments. B.
Quantitation of p24+GFP- HPA in (A) and multiple additional controls. The data
were mean + SD of triplicate samples and representative of three independent

experiments. **P<(.01.
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of residual GFP-expressing Jurkat were detected (GFP+ population) (Fig. S8A upper
panel). Compared to cell-free infection and other controls, HPA co-cultured with infected
Jurkat showed a significant increase in fluorescence intensity of p24 staining (Fig. S8A
bottom right). GFP intensity was included as a control to exclude non-specific protein
transfer or donor cell contamination (Fig. S8A bottom right). Compared to the mock
control, co-culture had about 12% p24+GFP- HPA after 16 hr co-culture, but only
negligible p24+GFP- HPA in cell-free infected or transwell-infected HPA (Fig. 58B).
Infection of HPA with cell-free viruses produced from the equivalent number of the HIV-
infected cells during the 16 hr culture and infection of HPA in the transwell setting did
not give rise to any significant p24+GFP- HPA, which would also exclude the possibility
that p24+GFP- HPA in the co-culture are derived from cell-free infection. These results
together indicate that cell-cell contact between HIV-infected CD4+ T lymphocytes and

astrocytes results in more efficient HIV-1 transfer into astrocytes than cell-free infection.

2.8 Establishment of HIV-1 infection of astrocytes through cell-cell contact

In addition to being higher infection efficiency, cell-cell contact-mediated virus infection
has been shown to bypass cell-free infection-associated restrictions such as antibody
neutralization and entry block [52, 244]. HIV-1 uptaken into astrocytes by hMR-
mediated endocytosis is extremely inefficient [147, 236]. Thus, we next determined
whether cell-cell contact-mediated HIV-1 infection would lead to successful
establishment of HIV-1 infection in astrocytes. Considering the restricted nature of HIV-

1 structural gene expression in astrocytes, we took advantage of HIV-1 reporter virus
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NLGi [193, 222]. In NLGi, the gfp gene is inserted in-frame immediately preceding Nef
(Fig. 16). Since GFP protein is expressed alone without Nef, GFP is not incorporated into
HIV-1 virions and its expression can be used as a sensitive and direct indicator of HIV-1
early gene expression, i.e., establishment of HIV-1 infection in astrocytes. Thus, NLGi
was used to infect MT4, and NLGi-infected MT4 were then co-cultured with HPA in a
ratio of 1:1 as above. The co-culture was passaged every two day and continued to
culture and monitored for GFP expression by fluorescence microscopic imaging. At day
1 after the first passage, GFP+ cells were all input MT4, judged by the smaller cell size
and the round cell morphology (Fig. 59A left panels). At day 8 after the first passage,
GFP was detected in few MT4 and in more HPA, which appeared to be larger and have
cellular projections (Fig. S9A right panels). GFAP staining further confirmed that those
GFP+ cells at day 8 were indeed GFAP+ astrocytes (Fig. 59B). These results provide the
evidence that co-culture of astrocytes with HIV-infected CD4+ T cells leads to successful

establishment of HIV-1 infection of astrocytes.

2.9 Cell-cell contact-mediated HIV-1 infection of astrocytes was cell density-

dependent

To further ascertain that the direct cell-cell contact with HIV-infected CD4+ T
lymphocytes is responsible for HIV-1 infection of astrocytes, an increasing number of
NLGi-infected MT4 were co-cultured with HPA at 37°C for 16 hr as above. At the end of
the co-culturing, representative images of the co-cultures were taken under a fluorescence

microscope. GFP+ cells were identified to be exclusively the input MT4 based on the
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Figure 59. Establishment of HIV-1 infection of astrocytes through cell-cell

contact. A. HIV NLGi-infected MT4 (0.2 x 106), determined to be 50-70% infected
by flow cytometry for GEP expression, were co-cultured with HPA (0.2 x 10°) for 1
or 8 days, followed by direct microscopic imaging. B. The cultures from day 8 were
stained for GFAP and then followed by direct microscopic imaging. The
micrographs were representative of each treatment from three independent

experiments.
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small cell size and the round cell morphology (Fig. 60A). Then, the co-cultures were
passaged every two days, followed by gentle shaking to gradually remove the input donor
cells. In parallel, the highest number of the input NLGi-infected MT4 (1 x 10°) were
cultured for 16 hr, the culture supernatants were collected and used as cell-free viruses to
infect HPA. But, there were no GFP+ HPA identified in the cell-free infection (Fig.
60B). Similar to our previous results (Fig. 59), GFP+ HPA began to show up at day 8
post co-culture. Manual counting of GFP+ HPA at day 12 showed that the number of
GFP+ HPA gradually increased with the increasing number of input NLGi-infected MT4
(Fig. 60B). In conclusion, HIV-1 successfully transfers from HIV-infected CD4+ T
lymphocytes to astrocytes and ensuing infection in astrocytes are dependent on the

number of the infected donor cells.

2.10 Involvement of g¢pl120 in cell-cell contact-mediated HIV-1 infection of

astrocytes

Next, we determined the involvement of gp120 in this direct cell-cell contact-mediated
virus infection by pre-treating the NLGi-infected MT4 with anti-HIV gp120 monoclonal
antibody (5 pg/ml) before the co-culture and performed the similar co-culture
experiments in the presence of the same concentration of anti-gp120 antibody. Compared
to the isotype-matched IgG control, anti-gp120 antibody treatment showed a significant
decrease in the number of GFP+ HPA (Fig. 61). The results suggest that gpl120 is
required for establishment of HIV-1 infection of astrocytes through direct cell-cell

contact.
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Figure 60. Cell density-dependent cell-cell contact-mediated HIV-1 infection of

astrocytes. A. HPA (0.2 x 10° were cultured in a 6-well plate. An indicated
number of NLGi-infected MT4 were added onto HPA and co-cultured for 16 hr.
The unattached MT4 were removed, the remaining cells were micrographed. B. The
same co-cultures from A were cultured for 12 more days. GFP+ HPA in each well
were manually counted under a fluorescence microscope. The data were mean = SD

of triplicate samples and representative of two independent experiments.
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Figure 61. gp120-dependent cell-cell contact-mediated HIV-1 infection of

astrocytes. HPA were infected with cell-free NLGi equivalent to 30,000 cpm at RT
(cell-free) or co-cultured with NLGi-infected MT4 (1 x 10°) in the presence of 5
pg/ml anti-gp120 antibody (a-gp120) or an isotype-matched control (IgG) for 8
days. GFP+ HPA were manually counted under a fluorescence microscope as
described above. The data were mean + SD of triplicate samples and representative

of two independent experiments. *, p < 0.05.
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2.11 HIV-1 recovery and infection of T cells by cell-cell contact-mediated HIV-

infected astrocytes

One important criterion to define HIV-1 latent cells/reservoirs is the potential to produce
infectious progeny viruses upon the external stimuli [272]. Thus, we tested whether direct
cell-cell contact-mediated virus infection contributes to formation of viral reservoir.
Experiment strategy was described in Materials and Methods section as virus recovery
assay (Fig. 62). HPA were pre-infected with cell-free NL4-3, co-cultured with NL4-3-
infected Jurkat and the transwell containing NL4-3-infected Jurkat as described in Fig.
56. Naive Jurkat were added to HIV-1-infected HPA at 13 days post-infection and co-
cultured for 24 hr, followed by p24 staining to monitor HIV-1 replication. Only Jurkat
recovered from HPA that were infected by direct cell-cell contact showed HIV-1
replication, but none of others did (Fig. 63). These results support our hypothesis that
cell-cell contact-mediated virus infection contributes to establishment of viral reservoir in
the CNS and further evidenced that cell-cell contact-mediated HIV-1 infection may

represent as the principal route of HIV-1 infection of astrocytes.

2.12 Dual fluorescent reporter HIV-1 (RGH)

As discussed above, astrocytes possess several attributes to be HIV-1 reservoirs. We next
examined the possibility that astrocytes could serve as HIV-1 reservoirs by taking
advantage of a recently-developed dual fluorescent HIV-1 reporter virus (RGH) [229].
HIV-1 RGH is a reporter virus developed specifically for HIV-1 latency study. In RGH

(Fig. 64A), the GFP coding sequence is inserted between matrix and capsid of the gag
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Figure 62. Experimental scheme to analyze HIV-1 recovery through co-cultures

of uninfected T cells with cell-cell contact-mediated and cell-free HIV-infected

astrocytes. HPA in the mock, cell-free, co-culture and transwell experiments in
Figure 57 were first removed of cell-free virus, Jurkat, and transwell compartment
followed by extensive washing with PBS (I), and then continue cultured for 13 more
days (II). Uninfected Jurkat (0.5 x 10°) were added into each HPA (III). After co-
culturing for 24 hr, the input Jurkat were recovered from the co-culture and continue
cultured for 0, 3 and 6 days, and then stained for p24, followed by flow cytometry

analysis for % of p24+ cells (IV).
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Figure 63. HIV-1 recovery through co-cultures of uninfected T cells with cell-

cell contact-mediated and cell-free HIV-infected astrocytes. The virus recover

rate in uninfected Jurkat co-cultured with infected HPA were determined the using
experimental strategy described in Fig. 59. The data were mean = SD of triplicate

samples and representative of three independent experiments.
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Figure 64. Red green HIV-1 (RGH) reporter virus for HIV-1 latency studies. A.

Schematic of red green HIV-1 (RGH). GFP was inserted in-frame between MA and
CA gene, while CMV-mCherry cassette was inserted in place of Nef gene. Env gene
was disrupted by Kpn I digestion, blunted and re-ligation (filled-in). B. Schematic of
RGH-infected cells distribution by flow cytometry. GFP expression in RGH is
under the control of HIV-1 LTR promoter, and mCherry in RGH is under the control
of the CMV promoter and only expressed when RGH is integrated. Thus, RGH-
infected cells can be gated into four distinct cell populations by flow cytometry
analysis based on GFP and mCherry expression. Adapted from Dahabieh, Ooms et

al. 2013 [229].
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gene, exactly the same as that in gagi (Fig. 33), and a CMV-driven mCherry-expressing
cassette is inserted in place of Nef gene. In addition, Env gene is disrupted by Kpn I
digestion, blunted and re-ligation. Thus, expression of GFP, mCherry, or both in RGH-
infected cells has been used to monitor infected but not integrated, latent infection, and

integrated/active infection, respectively (Fig. 64B).

2.13 Comparison of HIV-1 latency in HPA, 293T and MT4 by using RGH reporter

system

To compare HIV-1 latency in astrocytes with other cells known to support active HIV-1
replication (MT4, 293T), as a standard protocol used in studies of HIV-1 latency, VSV-
G-pseudotyped RGH (VSV-G-RGH) was used to infect HPA, 293T, and MT4 by
spinoculation. Representative micrographs were taken on day 3 post-infection (Fig. 65A).
Both MT4 and 293T were GFP+mCherry+ represents to active HIV-1 infection while
majority of HPA were mCherry+ with low GFP expression. Meanwhile, cells were
collected and monitored for GFP+mCherry+ HPA (active infection) and GFP-mCherry+
HPA (latent infection) by flow cytometry (Fig. 65B). Consistent with Fig. 65A, the
majority of infected 293T fell into the category of active infection (GFP+mCherry+)
while more than 70% of infected HPA were determined to be latent (GFP-mCherry+)
(Fig. 65B left and middle). Lack of active virus production in over 70% of infected HPA

was also confirmed by p24 staining (Fig. 56B right).
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Figure 65. RGH infection and dual color expression in MT4, 293T and HPA.

A. MT4, 293T and HPA were inoculated with VSV-G-pseudotyped RGH equivalent
to 30,000 cpm by centrifugation at 600 g, at RT for 2 hr. Following the spin
inoculation, unbound RGH were removed by extensive wash with PBS.
Representative micrographs of RGH infected MT4 (top panel), 293T (middle panel),
HPA (bottom panel) were taken on day 3 post spin inoculation. B 293T and HPA
were collected on day 3 post spin inoculation for flow cytometry analysis of GFP
(left and middle panel), p24 (right), and mCherry expression after immunostaining
staining using a mouse anti-mCherry antibody with PE conjugated anti-mouse IgG

secondary antibody. The data were representative of three independent experiments.
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2.14 Establishment of HIV-1 latency in astrocytes

By using the RGH reporter system described above, we further characterized HIV-1
latent infection in HPA. HPA were infected with VSV-G-RGH. Cells were then cultured
for 30 more days and the percentages of GFP+mCherry+ HPA (active infection) and
GFP-mCherry+ (latent infection) out of the total mCherry+ (Infected cells) were
monitored along the infection (Fig. 66A). The percentage of GFP+mCherry+ HPA
(active infection) showed an initial increase, representative of de novo infection and
replication, followed by a gradual decrease to a background level at day 25 (Fig. 66A
green line). Conversely, the percentage of GFP-mCherry+ (latent infection) showed an
initial increase, then a steep decrease (likely due to post-entry restrictions), followed by
gradual increases until day 25 to 30 (Fig. 66A yellow line). Percentages of infected but
not integrated (G+R-), integrated active replication (G+R+), integrated latent infection
(G-R+) and uninfected (G-R-) out of total HPA on each time point were plotted in a
stacked bar graph (Fig. 66B). Representative micrographs were taken on selected days (1,
7 and 20) post-infection (Fig. 66C). As an indication for viral DNA integration, mCherry
expression level kept increasing over the time in individual cells, suggesting a persistent
harboring of HIV-1 integrated DNA in infected HPA (Fig. S7B left panels). In contrast,
GFP expression level and double fluorescence (yellow) level were soon diminished after
the initial peak, suggesting a HIV-1 replication silence in the infected HPA (Fig. 57B
middle and right panels). Taken together, these results provide the definitive evidence of
HIV-1 latency establishment in astrocytes and suggest that VSV-G-pseudotyped RGH-

HPA could serve as an excellent platform to study the underlying molecular mechanisms

204



A

—O—=GFP-mCherry+ GFP+mCherry+
(Latent)
120
~100 7
X o
Z 804 =
= 00 1
& ——
q&:) 40 A =
=
= 20 1 ‘
0 > T T T T T T
0O 5 10 15 20 25 30
Days post-infection

mCherry

Days

20

EG+R- OG+R+ BG-R+ OG-R-

100 1 SEal
0- Eii

0 T T lél T

01 235 71015202530
Days post-infection

mCherry

205




Figure 66. Establishment of HIV-1 latency in astrocytes. A. HPA were

inoculated with VSV-G-pseudotyed RGH equivalent to 30,000 cpm by
centrifugation at 600 g, at RT for 2 hr. Following the spin inoculation, unbound
RGH were removed by extensive wash with PBS. HPA were cultured for the
indicated lengths of time before being collected for flow cytometry analysis for GFP
and mCherry expression. Percentages of latent (yellow line) and active (green line)
infected HPA out of total infected population on each time point were detected by
flow cytometry. B. Percentages of GFP+ mCherry- (G+R-), GFP+ mCherry+
(G+R+), GFP- mCherry+ (G-R+), GFP- mCherry- (G-R-) out of total HPA on each
time point were plotted in a stacked bar graph. The data were mean + SD of
triplicate samples and representative of two independent experiments. C.
Representative micrographs of HPA infected with VSV-G-pseudotyped RGH were

taken at day 1, 7 and 20 post-spinoculation.
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Figure 67. Restricted HIV-1 gene expression in astrocytes. HPA were transfected

with HIV gagi (A) or NLGi (B) expressing vectors. Representative micrographs

were taken on day 3, 7 and 19 post-transfection.
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of HIV-1 latency in astrocytes.

2.15 Restricted viral gene expression in astrocytes

The abundant expression of accessory genes such as Nef and Rev while lack of structural
gene expression is a prevalent feature for HIV-1 infection of astrocytes. Thus, we
determined whether HIV-1 was truly latent in astrocytes after these cells acquired HIV-1,
two previously described reporter virus gagi (GFP as an indicator of HIV-1 late structural
genes) and NLGi (GFP as an indicator of HIV-1 early genes) were transfected into HPA,
and GFP expression in each transfection was monitored under an IF microscope everyday
post-transfection (Fig. 67). As expected, GFP in gagi-transfected HPA was detected only
at the beginning, i.e., day 3, but not at later time points, ie., day 7 and 19 (Fig. 67A). In
contrast, GFP in NLGi-transfected HPA was detected throughout the experiments, i.e.,
day 3, 7 and 19 (Fig. 67B). Similarly, p24 ELISA, RT assay and qRT-PCR all showed
HIV-1 replication at day 3 and much less at day 7, but none at day 19 (data not shown).
To determine there was no truly HIV-1 replication in those cells, fresh MT4 were added
to gagi- and NLGi-transfected HPA at day 19, the co-cultures were continued for 3 more
days. Direct microscopic imaging showed formation of clusters of GFP+ MT4 in both
gagi- and NLGi-transfected HPA/MT4 co-cultures (Fig. 68), suggesting that those
transfected astrocytes, despite of the restricted nature of HIV-1 replication in astrocytes,
are capable of producing an extremely lower level of progeny viruses to infect CD4+ T

lymphocytes.
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2.16 HIV-1 recovery from latently infected astrocytes in a cell-cell contact-

dependent manner

Considering the undetectable virus production in latent infected astrocytes. We
speculated that virus infection of co-cultured T cells was not due to the cell-free virus
infection. Considering the high efficiency of cell-cell contact virus infection of
astrocytes, we hypothesized that HIV-1 recovery from latent infected astrocytes to T cells
is mainly mediated by a cell-cell contact virus transfer. To test our hypothesis, HPA were
transfected with gagi or NLGi. Fresh MT4 were added to gagi- and NLGi-transfected
HPA at 19 day post-transfection. The input MT4 were recovered from the co-cultures by
gently shaking, continued to culture, and monitored for GFP+ cells by flow cytometry.
The supernatants of the transfected HPA at day 17 to day 19 were used to infect naive
MT4 as cell-free infection controls, while GFP-transfected HPA and their supernatants
were also included as mock controls in the experiments. The results showed that only
MT4 derived from either gagi- (Fig. 69A) or NLGi-transfected HPA (Fig. 69B) exhibited
continued HIV-1 replication, but no HIV-1 replication was detected in all other controls.
Of note was that gagi consistently exhibited a delayed replication kinetics compared to
NLGi. (Fig. 69). Rapid virus recovery in MT4 from co-culture but not from supernatants-
incubated cultures suggests that HIV-1 is efficiently recovered from the viral reservoirs to

immune cells possibly through a direct cell-cell contact manner.
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Figure 68. HIV recovery from latently HI'V-infected astrocytes. MT4 were added

into gagi- (A) or NLGi- (B) transfected HPA from Fig. 67 on day 19 post-
transfection and continued to co-culture for 11 more days. Representative

micrographs were taken on day 3 post co-culture.
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Figure 69. HIV recovery was mediated in a cell-cell contact manner. GFP+

(infected) MT4 co-cultured with gagi- (A) or NLGi- (B) transfected HPA from Fig.
68 were measured by flow cytometry every 3 days post co-culture (gagi/NLGi co-
culture). The culture supernatants from day 17 to day 19 post-transfection of HPA
with gagi, NLGi, or GFP were collected and used to infect MT4 as cell-free
infection controls (gagi/NLGi Sup). GFP-transfected HPA were used as negative
controls (GFP co-culture and GFP sup). The data were mean + SD of triplicate

samples and representative of three independent experiments.
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2.17 HIV-1 recovery from astrocytes was not due to T cell-astrocyte interaction-

induced LTR transactivation

One of the possible explanations for cell-cell contact-dependent HIV-1 recovery is that
the astrocytes-T cell interaction activates the LTR promoter, resulting in virus activation
in astrocytes. In order to test this possibility, LTR-Luc was transfected into HPA for 48
hr and LTR activity in astrocytes was measured with or without the presence of MT4
(Fig. 70). Our results show that co-culturing of fresh MT4 with HPA did not lead to any
increases of the LTR-driven luciferase activity. Thus, we conclude that the cell-cell
contact-mediated HIV-1 recovery from HPA did not result from cell-cell contact-induced
activation of HIV-1 LTR transcription, as MT4 co-culture with HPA did not lead to any

increases of the LTR-driven luciferase reporter gene activity in HPA.

2.18 No obvious effect of Nef was found on T cells-astrocytes association and virus

recovery pattern under an IF microscope

Our previous results have shown that Nef promoted intercellular connections between
infected and uninfected cells. As we have shown that HIV-1 recovery from astrocytes to
T cells through a cell-cell contact-dependent manner, we hypothesized that Nef promotes
virus recovery from infected astrocytes to T cells through enhancing T cell-astrocytes
association. To test this hypothesis, uninfected MT4 were co-cultured with NLGi and
NLGi ANef-transfected HPA at 19 day post-transfection and representative micrographs
were taken 3 days post co-culture (Fig. 71). Foci formation was observed in both MT4

co-cultured with WT and nef-deleted NLGi-transfected HPA, suggesting a cell-cell
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Figure 70. HIV recovery from astrocytes was not due to CD4+ T cell-astrocyte

interaction-induced LTR transactivation. HPA (1 x 10°) were transfected with

LTR-Luc and then cultured with or without MT4 (0.5 x 10°) for 24 hr on day 2 post-
transfection. HPA were then collected for the luciferase activity assay. Tat and
LTR-Luc co-transfection was used as a positive control. cDNA3 was used to
equalize the total amount of the plasmid DNA transfected, CMV-BGal was used to
normalize the transfection efficiency among all transfections. The data were mean +
SD of triplicate samples and representative of three independent experiments. **, p

< 0.01; NS: not significant.
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Figure 71. Foci formation and Nef effects on cell-cell contact-mediated virus

recovery from HIV-transfected astrocytes to CD4+ T cells. HPA were

transfected with HIV-1 NLGi and NLGi ANef. MT4 were added to culture on day
19 post-transfection and unattached MT4 were removed 16 hr post co-culture.
Representative micrographs were taken on 3 days post co-culture. Similar results

were obtained from three independent experiments.
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contact-dependent virus recovery pattern. No obvious difference in T cell-astrocytes
association and virus recovery pattern was shown with or without Nef. Here we conclude
that no obvious effect of Nef was observed on T cells-astrocytes association and virus

recovery pattern by an IF microscopy.

2.19 Nef attenuated HIV-1 recovery from infected astrocytes to T cells

Next, we quantitatively compared virus recovery between nef-deleted HIV-infected and
WT HIV-infected astrocytes. Thus HPA were transfected with NLGi and NLGi ANef
(Fig. 72) or NL4-3 and NL4-3 ANef (Fig. 73). Uninfected MT4 were added into the
culture at day 5 post-transfection. Transfection efficiency was confirmed by GFP
expression under IF microscope (Fig. 72A) and flow cytometry (Data not shown). On 3
days post co-culture, a significant increase in percentage of GFP+ MT4 was determined
in nef-deleted HIV-1 culture compared to WT (Fig. 72B & 73). Our data showed a

negative effect of Nef in HIV-1 recovery from HIV-infected astrocytes to T cells.

2.20 Transfected Nef was able to induce attenuation of HIV-1 recovery from

infected astrocytes to T cells

To confirm the reduction in virus recovery is due to Nef presence but not artificial effects
caused by unknown differences between WT and Nef-deleted viruses. Nef.GFP or GFP
were co-transfected with NL4-3 ANef and virus recovery to MT4 was analyzed by using
the same strategy (Fig. 74). Transfection efficiency was monitored by GFP expression

using an IF microscope (Fig. 74A). Consistent with previous results, the virus
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Figure 72. Effects of Nef on HIV-1 recovery from HIV-transfected HPA using

NLGIi/NLGi ANef reporter virus. A. HPA were transfected with HIV NLGi and

NLGi ANef. Transfection efficiency was monitored on 3 day post-transfection
under an IF microscope by GFP expression. B. MT4 were added to the culture with
fresh medium on 5 day post-transfection. The percentage of GFP+ MT4 (infected)
was analyzed 3 day post co-culture by flow cytometry. The data were mean + SD of

triplicate samples and representative of three independent experiments. **, p <0.01.
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Figure 73. Effects of Nef on HIV-1 recovery from HIV-transfected HPA using

NL4-3/NL4-3 ANef virus. A. HPA were transfected with HIV-1 NL4-3 and ANL4-3

Nef. MT4 were added to the culture with fresh medium on 5 day post-transfection.
MT4 were collected on 3 day post co-culture and processed for p24 staining (red).
Percentage of infected MT4 was analyzed by flow cytometry. The data were mean +

SD of triplicate samples and representative of three independent experiments. **, p <

0.01.
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Figure 74. Effects of Nef on HIV-1 recovery from HIV-infected HPA using

NL4-3 ANef plus Nef-expressing vector. A. HPA were co-transfected with NL4-3

ANef with Nef.GFP or GFP. Transfection efficiency was monitored on 3 day post-
transfection under an IF microscope by Nef.GFP/GFP expression. B. MT4 were
added to the culture with fresh medium on 5 day post-transfection. MT4 were
collected on 3 day post co-culture and processed for p24 staining (red). Percentage
of infected MT4 was analyzed by flow cytometry. The data were mean = SD of

triplicate samples and representative of three independent experiments. **, p < 0.01.
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significantly decreased in the presence of Nef expression (Fig. 74B). Taken together, we

conclude that Nef attenuates HIV-1 recovery from astrocytes to T cells.

2.21 Nef contributed to establishment of HIV-1 latency in astrocytes

Nef negative effects on HIV-1 LTR and its potential contribution to HIV-1 latency have
been documented in many early publications [273-275]. Together with our discovery on
Nef-induced HIV-1 recovery attenuation, we believe that Nef contributes to the HIV-1
latency establishment in astrocyte infection. As mentioned above, Nef is disrupted in
RGH due to mCherry insertion. In this case, to test this hypothesis, we transfected RGH
into HPA with or without Nef-expressing vector (Nef.myc) (Fig. 75). Our result showed
an increase in active virus production in the absence of Nef represented by GFP MFI of
mCherry+ cells (infected population). These results support our hypothesis that Nef

contributes to HIV-1 latency in astrocyte infection.
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Figure 75. Effects of Nef on HIV-1 replication. HPA were co-transfected with

RGH and Nef.myc. Tat.myc and cDNA3 were used as positive and negative
controls. HPA were collected 3 days post transfection. Cells were processed for
mCherry staining using a mouse anti-mCherry antibody with PE conjugated anti-
mouse IgG secondary. Mean fluorescence intensity of GFP in mCherry+ cells were
analyzed by flow cytometry. The data were mean = SD of triplicated samples and

representative of two independent experiments. **, p < 0.01.
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DISCUSSION

Summary of the results

Development of new and alternative therapeutics aimed at HIV-1 pathogenesis mandates
a better understanding of HIV-1 pathogenic mechanisms. As an indispensible pathogenic
factor, Nef is considered to be responsible for T cell depletion in vivo, which occurs
mainly in uninfected bystander T cells in HIV-infected lymph nodes [276, 277].
Therefore, in the first part of our study, we analyzed the underlying mechanisms of
intercellular Nef transfer among CD4+ T cells. First, we determined that Nef transfer
occurred among different cell types including CD4+ T cells and astrocytes (Fig. 12 &
13). Then we quantitatively confirmed that Nef transfer was cell density-dependent and
required Nef membrane targeting (Fig. 14-21). Furthermore, we determined that Nef
enhanced the attachment between infected and bystander CD4+ T cells by promoting the
VS formation (Fig. 23 & 24). Additionally, Nef was capable of inducing F-actin
rearrangement and cellular protrusions in Nef-expressing T cells (Fig. 25) and TNT were
possibly involved in Nef transfer among CD4+ T cells during HIV-1 infection (Fig.22).
Next we examined the possibility that Nef transferred through cell-free exosomes. We
first showed that little Nef was transferred to the recipient cells in the form of cell-free
protein or exosomes in the culture supernatants and concentrated crude exosomes (Fig.
27-30). Importantly, Nef was not detected in the exosomes obtained from HIV-infected
cells (Fig. 32). Only small amount of Nef was detected in a subpopulation of exosomes
when Nef was ectopically expressed in 293T (Fig. 37). Moreover, Nef was not localized
in exosomal vesicle-like structures in and out of the cell (Fig. 40-42). Additionally, our
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study led to the discovery of two exosome subpopulations that were successfully
separated by OptiPrep gradient centrifugation method using a panel of exosome markers
including AChE, CD81, TSG101 CD9 and HSP70 (Fig. 38). These two populations were
defined as AChE+/CD81°"/TSG101"" exosomes and AChE-/CD81"¢"/TSG101"¢"
exosomes (Fig. 39). Our result showed that Nef was mostly associated with AChE+
exosome/micro-vesicles (Fig. 37). Taken together, we conclude that intercellular Nef
transfer is cell-cell contact-dependent, and Nef is only incorporated into a subpopulation
of exosomes in a relatively small quantity, and that Nef transfer through exosomes, if

any, is negligible.

Astrocytes are the most abundant cells in the CNS and are believed to serve as one of the
largest HIV-1 reservoirs. In the second part of our study, we looked into HIV-1 infection
of astrocytes regarding the HIV-1 entry, latency and recovery. Additionally, we tested
whether Nef affected HIV-1 recovery and latency in astrocytes. Specifically, we first
ascertained the gp120-, hMR-mediated endocytosis nature of cell-free HIV-1 infection in
astrocytes (Fig. 47-50). Then, we determined that the degradation following the receptor
mediated-endocytosis of cell-free HIV-1 only led to a transient p24 detection and failure
to establish HIV-1 infection and viral reservoir in astrocytes (Fig. 51-53). In addition, we
demonstrated a novel route for HIV-1 infection which was mediated by direct cell-cell
contact between infected CD4+ T lymphocytes and astrocytes and led to successful
infection of astrocytes as shown by HIV-1 early gene expression (Fig. 56-59). This cell-

cell contact-mediated HIV-1 infection of astrocytes was cell density- and gpl20-
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dependent (Fig. 60). Furthermore, we showed that HIV-1 infection of astrocytes led to
establishment of HIV-1 latency (Fig. 66 & 67), albeit at a lower level of persistent
replication in astrocytes that only cell-cell contact was able to recover the infectious
progeny viruses (Fig. 66-69). Lastly, we found that HIV-1 Nef showed an attenuation

effect on the virus recovery from infected astrocytes to T cells.

Intercellular Nef transfer through TNT

Intercellular Nef transfer occurs among different cell types including macrophages to B
cells, CD4+ T cells to bystander CD4+ T cells, hepatocytes, monocytes and astrocytes
[80, 81, 211]. TNT and exosomes are two main structures that are responsible for
intercellular protein transfer. These two dynamic processes have long been known to
contribute to intercellular substance exchange and transportation in healthy organisms.
Furthermore, they were also reported to be hijacked by pathogens for infectious agent
transmission [170, 179-183, 193-195]. Involvement of TNT and exosomes in Nef transfer
have been reported, however, which one is predominate is still unknown. In this study,
we discerned these two intercellular protein transfer mechanisms by examining the
presence of TNT as well as by the extent to which exosomes are involved and we show
that Nef is transferred to additional cell types including T cells and astrocytes and that the

transfer involves TNT formation (Fig. 13 & 22).

There are several lines of evidence to support Nef involvement in TNT formation. TNT

formation was first described in 2004 [245]. Besides the morphology, little is known
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about how TNT formation is regulated. Until recently, M-Sec has been shown to be
important for TNT formation through actin cytoskeleton remodeling [246, 247].
Interestingly, HIV-1 Nef has long been linked to actin cytoskeleton remodeling including
uropod and ruffle formation in dendritic cells [248]. Our data show that HIV-1 Nef
induces the rearrangement of actin microfilaments in Nef-expressing T cells (Fig. 25). In
addition, we have shown that Nef expression is associated with T cell polarization and
filopodia formation in T cells [212, 228, 249]. Furthermore, we have demonstrated that
Nef plays important roles in VS-mediated HIV-1 transfer (Fig. 23 & 24) (Green and He,
manuscript in revision 2014). TNT formation has been detected to transfer HIV-1 and
Nef protein between macrophages and B cells [81]. These findings together support the
notion that Nef itself promotes TNT formation to facilitate its own intercellular transfer
and may also explain the less target cell type-dependent nature of Nef targeting. Lastly,
M-Sec is mainly expressed in cells such as dendritic cells, macrophages and specialized
enterocyte M cells, and in lymphoid tissues such as fetal liver and spleen [246]. It would
be very interesting to determine whether M-Sec is involved in Nef-induced TNT
formation and whether M-Sec plays any roles in intercellular Nef transfer from HIV-
infected cells to bystander cells. Given that HIV-1 can be transferred from cell to cell via
VS and that Nef is incorporated into the virions, trogocytosis also likely leads to
intercellular Nef transfer (Fig. 22C). Several approaches had been attempted to devise a
functional read-out for intercellular Nef transfer, Nef-induced CD4 down-regulation,

Nef-induced MHC I downregulation, Nef effects on HIV-LTR-driven reporter, and Nef-
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induced cytokine production. However, we have so far been unsuccessful due to the

technical difficulties.

Nef detection in exosomes

Nef detection in exosomes was previously reported [79, 80, 186]. However, Nef detection
requires highly concentrated exosomes, which might have overrated the result to some
extent. In contrast, Nef was not detected by proteomic analysis in exosomes isolated from
infected cells that confirmed our concern [278]. As a well-accepted exosome isolation
method, sequential centrifugation has successfully led to enriched and highly purified
exosomes. However, over concentrated samples might give nonspecific detections
possibly due to the enrichment of the contaminations from other micro-vesicles such as
shedding micro-vesicles and apoptotic bodies. Additionally, in blood and cell cultures,
some non-vesicular particles such as extracellular RNA-protein complex [279] which are
in the same size range as exosomes also might confound the results. In this case, further
purification together with more direct and quantitative methods are needed to
demonstrate the efficiency and specificity of Nef incorporation into exosomes. In our
study, by using three independent approaches, we were not able to detect Nef in
exosomes. These approaches include exosome uptake (Fig. 27-30), purification of
exosomes from HIV-infected cells (Fig. 32), and microscopic imaging (Fig. 40-42). Nef
has been detected in the crude vesicle preparations and purified exosomes from Nef-
transfected cells and then taken up by Jurkat [79, 80, 186, 280, 281]. Consistent with

those findings, we detected Nef in AChE+ exosome from Nef-transfected 293T cells (Fig.
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35-37). In one of the early studies, Nef has also been detected in AChE+ exosomes [79].
Also, it is important to note that Nef has been shown to promote massive MV shedding
from the plasma membrane of Nef-producing cells [80]. Thus, it is possible that Nef
detection in the exosomes is a combined result of Nef over-expression, Nef-increased
MYV shedding from plasma membrane, exosomes of less purity, and the inability of the
size-based exosome purification protocol to separate plasma membrane-derived shedding
vesicles from MVB-derived exosomes. In addition, detection of a low level of GFP in the
exosome uptake assay (Fig. 29 & 30) and in the purified exosomes (Fig. 36 & 37)
suggests existing non-specific artifacts when the ectopic protein expression strategy is
exploited. Moreover, in agreement with an early study demonstrating that purified
exosomes from HIV-infected cells contains little Nef by proteomic analysis [278], we
have not been able to detect Nef in exosomes from HIV-infected cells (Fig. 6). Taken
together, Nef detection in the exosomes from Nef-transfected cells should be dealt with

caution.

AChE+/CD81"°Y/TSG101"" and AChE-/CD81"#"/TSG101"" exosome

subpopulations

The exosome purification protocol has led to successful separation of exosomes into two
populations (Fig. 38 & 39). The first one is AChE+/CD81""/TSG101"" exosomes, and
the second one is AChE-/CD81"®/TSG101"" exosomes. The first group has the
calculated OptiPrep density of 6.0 - 9.3%, which has been confirmed to be exosomes by

electron transmission microscopic imaging [282]. The second group has the OptiPrep

235



density of 9.3% - 14.7%, which corresponds to the exosome fractions reported by many
other groups [185, 280]. In addition, we showed that the both population was sensitive to
RIPA treatment (Fig. 39). Interestingly, we noticed that the AChE+/CD81"°Y/TSG101""
exosomes exhibited some resistance to the detergent treatment while the AChE-
/CD81"E"/TSG101"" exosomes completely disappeared from its original fractions. It is
known that GPI anchored proteins such as AChE are concentrated in lipid raft domains of
plasma membrane and exosomes [166, 283]. In addition, lipid rafts are insoluble in
nonionic detergent Triton-X100 and often detected in low buoyant density on sucrose
density gradients [284]. Since our protocol ensured removal of large plasma membrane
shedding debris, we conclude that Nef is associated with exosomal lipid rafts. Taken

together, these results suggest the likely existence of two types of exosomes.

Incorporation of HIV-1 viral particles into exosomes

It is well-established that some pathogens can hijack MVB-secretion pathways and
release in the form of exosomes for evading the host immune surveillance [170, 179-
183]. Whether HIV-1 is incorporated into exosomes is still controversial due to the
disparities in usage of cell types and the limitations of the exosome-virus separation
methods. The OptiPrep gradient ultracentrifugation method was recently developed for
efficient HIV-exosomes separation. However, AChE, which was used as an exosome
marker in this method was found to be located only in a distinct and small fraction of
exosomes/micro-vesicles [185, 188]. Importantly, our results showed that the majority of

the exosomes bearing commonly used exosome markers including CD81, TSG101,
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HSP70, and CD9 distribute differently from AChE in the OptiPrep gradient (Fig. 38).
Hence, further validation is needed to clarify if HIV-1 viral particle incorporated into
exosomes. Interestingly, without the presence of HIV-1 infection, AChE-
/CD81"&"/TSG101"" exosomes population peaked mostly at the middle fractions (Fig.
38). In contrast, during HIV-1 infection, most of these exosome proteins shifted to the
bottom fractions overlapping with viral particles (Fig. 35). The overall detection level of
CDS81 and TSG101 in exosomes/virus was significantly increased under HIV-1 infection
compared to that from the same number of mock infected cell (data not shown). In
conclusion, our data implies a strong association between HIV-1 virus release and
exosome related endocytotic pathways. Here, we speculate that this shift of CD81 and

TSG101 is due to usurping of the exosome biogenesis related pathway by HIV-1 virus.

Cell-cell contact-mediated versus cell-free HIV-1 infection of astrocytes

We have previously shown that cell-free virus entry into astrocytes is mediated through
hMR-mediated endocytosis [147, 236]. Other cell surface receptors including DC-SIGN,
CCRS5 and CDS5 have also been reported to be involved in virus entry into astrocytes
through interacting with viral envelope protein gpl20 that initiated the receptor-
dependent HIV-1 endocytosis [144-147]. HIV-1 virions are detected in clathrin-coated
pits and cytoplasmic endocytotic vesicles by electron microscopy [146, 147, 236]. GFP-
labeled HIV-1 viruses are found to co-localize with endosome and lysosome markers and
become rapidly degraded in the lysosomes [144]. Thus, endocytosis uptake of HIV-1 is

extremely inefficient and not likely to be an effective pathway that leads to establishment
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of HIV-1 infection in astrocytes (Fig. 50-53). Meanwhile, a recent study has reported up
to 20% of HIV-infected astrocytes in the brain of HIV-infected subjects, which correlates
with HIV-associated neurocognitive disorders [136], suggesting the existence of an
alternative route for HIV-1 to gain access into the astrocytes and the importance of HIV-1
infection to CNS pathogenesis. In the current study, we have directly compared cell-free
and cell-cell contact HIV-1 infection of astrocytes and unambiguously demonstrated that
only cell-cell contact results in successful establishment of HIV-1 infection in astrocytes
(Fig. 57-59, & 63). Moreover, the CNS is a compact organ and the CNS cells are in close
contact with each other. Together with the notion that HIV-1 is mainly carried into the
CNS by infected immune cells, cell-cell contact virus infection is more likely to be the
main route for HIV-1 infection of astrocytes in vivo. Our current study may offer the
mechanistic support to substantial HIV-1 infection of astrocytes in vivo and suggests that

cell-cell contact could be the main route for HIV-1 infection of astrocytes.

Factors involved in direct cell-cell contact-mediated astrocyte infection

HIV-1 transfer through direct cell-cell contact has been characterized among various cell
types including both CD4+ cells such as T cells and dendritic cells and CD4-negative
cells such as epithelial cells and astrocytes [285]. The type of intercellular connections,
underlying mechanisms, factors involved in virus transmission and the outcomes of the
recipient cells are extremely diverse and highly dependent on the cell types. Intercellular
HIV-1 transfer between CD4+ T lymphocytes requires formation of VS and host factors

such as CD4, CXCR4/CCRS. Cytoskeleton and viral factors such as gp120 and Gag are
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involved in VS formation [222, 286-288]. Although astrocytes express two major HIV-1
co-chemokine receptors CXCR4 and CCRS5 [289, 290], they do not have detectable cell-
surface CD4 expression [291, 292] but have hMR [147] for HIV-1 infection. Similar to
cell-free HIV-1 infection [147], we have shown that cell-cell contact-mediated HIV-1
infection of astrocytes requires gpl120 (Fig. 48). Whether hMR is also involved in this
pathway remains to be determined. In addition to VS, there is a second means of direct
cell-cell spread of HIV-1, known as long-range nanotubes or filopodial bridges [205,
293]. It has been hypothesized that these cellular protrusions are remnants of VS left after
cell separation, or that they are formed at the initial step in VS formation [294]. Of
particular note is that nanotubes formed between CD4+ T lymphocytes and astrocytes
were observed in the co-culture (Fig. 55 bottom panel), suggesting that intercellular
nanotubes may be one of the mechanisms for cell-cell contact-mediated astrocyte
infection. It is clear that the host and viral factors involved in the intercellular transfer
between CD4+ T lymphocytes and astrocytes and the roles of nanotube formation in the

transfer process merit further investigation.

HIV-1 latent infection of astrocytes

HIV-1 infection of astrocytes has long been described to be non-productive, i.e., lack of
late structural gene expression and as a result, no production of infectious progeny
viruses due to multiple restrictions in astrocytes. HIV-1 replication in astrocytes can only
be briefly and partially restored by treatment with IL-1f and TNF-a and removing of the

Rev or nuclear export blocks [295-301]. These findings suggest post-integration blocking
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mechanisms other than limited transcription factors in astrocytes. In this study, we have
shown that HIV-1 successfully establishes latency in astrocytes (Fig. 66). VSV-G-
pseudotyped RGH, by way of spinoculation, appears to completely override not only the
entry restriction, but also post-entry restrictions, as shown by GFP expression. Similar
results have indeed been obtained in an early study [302]. In contrast, HIV-1 gene
expression in HIV-transfected astrocytes does display gradual loss of HIV-1 structural
genes but not the early genes (Fig. 67). This discrepancy is likely due to the different Rev
level and its requirement for multimerization and the Rev biphasic function in HIV-1
gene expression [303, 304]. In addition, the VSV-G-RGH/astrocytes/spinoculation
system (Fig. 66), shall offer very unique platforms to further elucidate the underlying

molecular mechanisms of HIV-1 latency in astrocytes.

Toxic effect of HIV-1 latent infection of astrocytes

In our latency study, over 70% of HPA were infected by VSV-RGH at 48 hr post
spinoculation (Fig. 66). During the experiment, despite the absence of cytopathic effect
and cell morphology change, we noticed that the infected cells were growing slower than
mock control and this effect became more dramatic along the time, manifested as a
decrease in cell number and confluence. This suggests an accumulative toxic effect of
HIV-1 latent infection on astrocytes, which was possibly due to viral protein toxicity or
caused by HIV-induced cellular function impairment, astrocyte activation and cytokine
production. Albeit undetectable virus production, several viral proteins are abundantly

expressed in latent infected astrocytes and are determined to have profound effect on
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cellular functions. For example, Tat can induce nitric oxides (NO) production in
astrocytes [305]. Nef can interfere with signaling pathways that alter astrocyte gene

expression and affect astrocyte cellular functions such as glutamate uptake [306].

Cell-cell contact-mediated virus recovery from astrocytes

Most surprisingly, in the study, we have shown that there is a low level production of
infectious progeny viruses in HIV-transfected astrocytes (Fig. 68 & 69) or cell-cell
contact-mediated HIV-infected astrocytes (Fig. 63). Unlike cell-free infection, which
could occur at a considerable distance from the infected donor cells, cell-cell contact-
mediated HIV-1 infection occurs when donor and target cells interact and are in close
contact and thus is more readily achieved [307, 308]. Consistent with this notion, the
level of cell-free progeny viruses from astrocytes are so low that do not enable infection
of CD4+ T lymphocytes, but the viruses can be successfully transmitted to CD4+ T
lymphocytes through cell-cell contact (Fig. 63 & 68-69). Importantly, these findings
suggest that HIV-1 in astrocytes is indeed replication-competent albeit at an extremely
low level. In addition, the gagi/astrocyte/MT4 co-culture system (Fig. 68A & 69A), or
NLGi/astrocyte/MT4 co-culture system (Fig. 68B & 69B) offers a unique platform to
study cell-cell contact-mediated HIV-1 infection as well as virus recovery from latent

infected viral recovery in the absence of the HIV-1 primary receptor CD4.
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PERSPECTIVE

Intercellular Nef transfer and HIV-1 pathogenesis

During HIV-1 infection, CD4+ T cells are gradually depleted while only a relatively
small percentage of cells is infected at any given time. Studies have shown that apoptotic
T cells in the patient lymphoid tissue are mostly uninfected bystander cells [276, 277]. In
this study, we confirmed that Nef is capable of initiating the interaction between infected
and uninfected CD4+ T cells by intercellular transferring to the uninfected bystander
CD4+ T cell through direct cell-cell contact. Considering the essential role of Nef in
HIV-1 pathogenesis, this intercellular Nef transfer may be at least a partial cause of the
immune dysregulation. Thus, it is highly important to investigate the effect of Nef
transfer on the bystander cells and how it contributes to CD4+ T cell depletion and AIDS

pathogenesis.

Multiple biological effects of Nef have been identified in HIV-infected or Nef-expressing
cells. Importantly, Nef manipulates T cell activation through interacting with TCR
downstream signaling, which to some context is linked to activation-induced apoptosis
[71, 72]. Interestingly, Nef plays dual roles in infected and uninfected cells [79]. On one
hand, Nef protects infected cells from apoptosis by inhibiting proapoptotic proteins while
on the other hand inducing apoptosis by increasing FasL expression on the uninfected
cells. Thus, it is important to investigate if intercellular Nef transfer is capable of

inducing the same biological effects in the bystander cells. As we showed, the amount of
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Nef transferred to bystander cells is very low. Whether the small amount of Nef is

sufficient to induce cell death remains to be tested.

In our in vitro cell culture system, expression of Nef protein in transformed CD4+ T cells
(Nef.GFP expression Jurkat) showed no significant direct cytotoxic effects. Moreover,
cell apoptosis rate of WT HIV-infected CD4+ T cells resembles to Nef deleted HIV-
infected Jurkat (data not shown). A recent study shows that Nef manipulates T cell in a
subset-specific manner, which implied the importance of testing how intercellular Nef
transfer affects different population of CD4+ T cells [309]. Furthermore, given the fact
that Nef is capable of inducing dramatic CD4+ T cell depletion under in vivo situation
such as in rhesus macaques, humanized mouse models and patients, Nef may contribute
to uninfected bystander CD4+ T cell death in an indirect way possibly by interplaying
with other critical host factors in the immune system. In fact, the entire dynamics of HIV-
1 pathogenesis and disease progression is extremely complex, and might be hard to
replicate in vitro. In the HIV/AIDS field, the in vivo experiments are constrained by its
species tropism restriction. Although there are multiple other lentivirus developing
AIDS-like disease in non-human primates, such as SIV, which are used in irn vivo studies,
the high cost, genetic and biological difference from HIV-1 limits its applications. To
fulfill the needs of animal models in HIV-1 in vivo studies, many humanized mice
models have been generated by engrafting human tissues, cells, or organs to reconstitute
human immune system in immune deficient mice [102, 217, 310, 311]. Those mice are

susceptible to HIV-1 infection and capable of developing AIDS like syndrome including
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T cell depletion after HIV-1 infection. The models shall serve as a nice tool for study the

intercellular Nef transfer.

Exosome subpopulations and their functions

Besides exosomes, cells are generating diverse types of vesicles. Some of the vesicles are
different in size and can be easily distinguished from exosomes while some of the
vesicles are very similar in size and morphology such as shielding vesicles and retroviral
particles [312]. Unfortunately, due to the poor understanding in this field, there are no
single criteria for exosome identification. In our study, we showed that at least two
populations of exosome were produced by 293 T that were clearly different in density
and bearing different protein contents (Fig. 38). Further analyses are required before they
can be defined as a certain subpopulation of exosomes or classified into an existing
category of other non-exosome micro-vesicles. The most important determinants for
exosome identification is the size and structures. Thus, the next step for this study will be
to analyze these two exosomes/micro-vesicles by EM. Another way to distinguish
exosomes from most of other vesicles is to determine the biogenesis pathways. Exosomes
are mostly generated from MVB while other vesicles are usually produced in other
distinct machineries such as shielding vesicles that are directly budded from cell
membrane [312]. Most importantly, in our study, several proteins have been determined
to associate with AChE+/CD81"Y/TSG101"" exosomes including Nef and USP15 and
CD63 (Fig. 37 & 45) [313]. To identify the sorting mechanism and potential functions of
this AChE+/CD81""/TSG101"" population of micro-vesicles are also important

directions for future studies.
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Furthermore, exosomes isolated from different cells harbor different protein and RNA
profiles. Moreover, exosomes isolated from same cell type using different methods have
also shown difference in protein and RNA expression [314]. Above evidence implies the
existence of different exosome subpopulations and suggests the heterogeneity of these
populations in protein sorting machineries. To identify them and specify their differences
in size, component, biogenesis, functions, as well as developing specific isolation method

will be beneficial to all related studies.

Cell-cell contact-mediated virus transmission

In our study, we have determined a significant increase of virus transmission efficiency
between infected T cells and astrocytes in both directions (Fig. 58 & 69). In HIV-1
transfer from infected T cells to astrocytes, direct cell-cell contact-mediated virus transfer
overcame the entry blockage due to lack of viral receptor and endocytotic degradation in
cell free virus infection suggesting an involvement of a CD4 independent cell-cell contact
machinery. According to our findings, HIV-1 recovery from astrocytes to T cells may
carry out by a similar process that overcomes the restriction of insufficient cell free virus
production. To identify and characterize the underlying mechanisms of cell-cell contact-
mediated virus transmission between immune cells and astrocytes will help us gain a
better understating of virus evading strategies and may provide us a clue on how to
prevent astrocyte infection and formation of the CNS viral reservoirs. Additionally, it is

also important to test the possibility of virus transmission from infected monocytes,
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macrophages and microglia to astrocytes, as well as astrocyte reinfection of macrophages

and microglia through direct cell-cell contact.

Nef transfer to astrocytes

In in vivo studies, abundant Nef expression in astrocytes is frequently detected in the
infected patients’ brain and this expression is possibly due to HIV-1 restricted infection
[134]. However, other possibilities also exist. In our study, we have shown that Nef is
capable of transferring among CD4+ T cells (Fig. 12 & 14-21). Nef transfer to different
cell types was documented in many publications and capable of inducing functional
changes in target cells [80, 81, 211]. Furthermore, we have determined that Nef could
transfer to astrocytes from Nef-expressing T cells in co-cultures (Fig. 13). As a potent
pathogenic factor in HIV-1 infection of immune system, Nef is ascribed with many
important functions interfering with cellular functions in many different ways. In this
case, one of the valuable future aims is to determine the significance and underlying
mechanism of Nef transfer to astrocytes. According to our previous results about Nef
transfer to both T cells and astrocytes, we believe that intercellular Nef transfers to
astrocytes mainly through direct cell-cell contact. However, due to differences in cell
type and virus tropism in the immune system and the CNS, further investigation is

needed.
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Nef effect on the CNS by using an in vivo system

As one of the viral proteins that are abundantly expressed in astrocytes even in the
absence of viral production, Nef has been extensively studied for its effects on astrocyte
function as well as CNS pathogenesis. Although long-term expression of Nef is tolerated
in astrocytes, Nef interaction with numerous intracellular signaling pathways leads to
dramatic changes including loss of glutamate transporters, cytokine production, protein

kinase activation, as well as the prevention of TNF-a -induced apoptosis [315-319].

It is important to validate any scientific findings from in vitro studies in in vivo animal
models. Due to the species restriction of HIV-1 infection, lack of nice animal models has
always been a limitation in in vivo HIV-1 study. Recent development in generation of
humanized mice with reconstituted human immune system by bone marrow/live/thymus
transplantation has provided us an advanced tool for HIV-1 in vivo research. Besides
humanized mice, transgenic mice with inducible viral protein-expression are also used
extensively in HIV-1 study. In our study, we have addressed the importance of Nef in
both the immune system and the CNS. Interestingly, a recent study shows that
implantation of Nef-expressing astrocytes into mice hippocampus causes spatial and
recognition memory impairment suggesting a dramatic effect of Nef in brain function
[320]. Therefore, the next important step for us is to take advantage of our existing
inducible tissue-specific Nef-expressing transgenic mice to continue investigating the Nef

effect in astrocytes.
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Nef effects on establishment and maintenance of HIV-1 latency

The biggest challenge in tackling HIV-1 is the inability of cART to eradicate the virus.
Two main reasons for this challenge are replication of the virus in immune-privileged
sites such as the CNS, with limited access to drugs and the ability of the virus to establish
latent infection. Thus, to find a cure that prevents the formation and eliminates the latent
viral pool, a better understanding of the molecular mechanisms of HIV-1 latency is
urgently needed. Our knowledge about HIV-1 latent reservoirs and their regulatory
mechanisms is primarily derived from studies on two main peripheral HIV-1 cellular
reservoirs: macrophages [321, 322] and resting CD4+ T cells [323, 324]. In the CNS,
besides microglia/ macrophages that are productively infected by HIV, astrocytes have
been considered as a potential virus reservoir due to their abundance and nature of
restricted infection. In our study, we have confirmed that HIV-1 establishes latent
infection in astrocytes. In general, HIV-1 latency is established through multiple
mechanisms including transcriptional and post-transcriptional silencing. Interestingly,
during HIV-1 latent infection of astrocytes, Nef is abundantly expressed while HIV-1
production is extremely suppressed. Several reports show that Nef is involved in
reactivation of latent infections and suppression of the RNA interference involved in
HIV-1 latency. In contrast, Nef effects in LTR silencing and its potential role in HIV-1
latency establishment have been documented in T cell infections in many early studies
[154, 325, 326]. Interestingly, Nef aborts phorbol 12 myristate 13-acetate (PMA)-induced
HIV-LTR activation in a Nef-expressing reporter astrocyte cell line [315]. Importantly,

we and another group showed that Nef reduced HIV-1 recovery to T cells from infected
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astrocytes (Fig. 72-75) [149]. Thus, it is highly important to investigate how Nef affects
establishment and maintenance of HIV-1 latency. Nef manipulates cellular functions
through its multiple functional domains that are important for protein-protein binding and
intracellular signaling transductions. Thus, the next step is to test which Nef functional
domain is required for Nef suppressive effect on virus recovery from astrocytes. Nef
mutant viruses, which were previously established in our lab are ideal tools for this study.
Moreover, in T cells, Nef plays different roles in infected and uninfected cells [79]. Thus,
Nef effect might be different according to the cellular conditions such as activation stages
and virus infection. It is also important to investigate how the cellular condition of
astrocytes affects HIV-1 latency establishment, maintenance, and reactivation as well as
the involvement of Nef in these processes. The underlying mechanism of latency in
astrocytes could be very different from that in resting CD4 memory T cells or other
known HIV-1 latent infected cell types. Hence, it is also interesting to test our findings in
other cell types. Interestingly, a recent study indicates that SIV Nef downregulates TCR-
CD3 preferably in naive memory T cells which protects the latter from apoptosis while T
cells that are highly permissive to productive HIV-1 infection are refractory to this
function [309]. This suggests that Nef plays a role in protection and maintenance of the

existing viral reservoir.

Finally, as HIV-1 latency establishment is a complex process which involves numerous
factors. To determine other viral and cellular factors that are involved in this process is

important to the discovery of new therapeutic targets for HIV-1 eradication.
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