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Abstract

Human immunodeficiency virus type 1 (HIV-1) subverts intracellular trafficking pathways to avoid
its degradation and elimination, thereby enhancing its survival and spread. The molecular
mechanisms involved in intracellular transport of HIV-1 are not yet fully defined. We demonstrate
that the actin- binding protein lymphocyte-specific protein 1 (LSP1) interacts with the interferon-
inducible protein bone marrow stromal antigen 2 (BST-2) in dendritic cells (DCs) to facilitate both
endocytosis of surface-bound HIV-1 and the formation of early endosomes. Analysis of the
molecular interaction between LSP1and BST-2 reveal that the N-terminus of LSP1 interacts with
BST-2. Overall, we identify a novel mechanism of intracellular trafficking of HIV-1 in DCs
centering on the LSP1/BST-2 complex. We also show that the HIV-1 accessory protein Vpu
subverts this pathway by inducing proteasomal degradation of LSP1, augmenting cell-cell
transmission of HIV-1.
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INTRODUCTION

During various stages of the HIV-1 life cycle, virions and viral components are transported
within host cells [1, 2]. The actin cytoskeletal system is known to participate in these
transport processes, yet how HIV-1 can avoid intracellular degradation is not fully
understood [3-6]. Dendritic cells (DCs) play a pivotal role in immune defense against viral
infection [7, 8]. HIV-1 rarely establishes a productive infection in DCs; instead, these cells
endocytose intact virus and store it in intraluminal vesicles that are incorporated into

"To whom correspondence should be addressed: Anil Prasad: Division of Experimental Medicine, Beth Israel Deaconess Medical
Center, Harvard Medical School, 99 Brookline avenue, Boston, MA 02215, USA; aprasad@bidmc.harvard.edu; Tel. (617)-667-0703;
Fax. (617)-975-5244.

Author Contributions Statement:

RK, SJand AP performed the experiments and analyzed the data. GB provided the BST-2 constructs. AP designed the study and wrote
the paper. AP reviewed the paper and supervised the research. All authors contributed to the study design and critically read, revised,
and approved the manuscript.

Conflict of interest
No competing interests declared.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kulkarni et al.

Page 2

multivesicular bodies (MVBSs), which can fuse with lysosomes and degrade the virus [7, 9—
12].

Recent studies have highlighted an actin-binding protein, lymphocyte-specific protein 1
(LSP1), in the regulation of endocytosis and phagocytosis [13-17]. LSP1 is a 52-kD
phosphoprotein found on the cytoplasmic surface of the plasma membrane and expressed in
all human leukocytes and endothelial cells [18-22]. Structurally, LSP1 contains an acidic N-
terminal domain and a C-terminal domain which is enriched with basic amino acids [14].
The highly conserved C-terminal domain is considered as a functionally important region of
the LSP1 molecule as it harbors the F-actin binding site and several potential
phosphorylation sites by serine and threonine kinases including mitogen-activated protein
(MAP) kinase-activated protein kinase 2 (MK2) or protein kinase C (PKC) [14, 23]. The
phosphorylation status of LSP1 is responsible for its linking to the actin cytoskeleton [14,
24]. LSP1 participates in the formation of filopodia, lamellipodia, ruffles, and the actin-rich
cell cortex of various cell types and thereby modulates chemotaxis [14, 25-28].

The role of LSP1 in endocytosis was first described in yeast by demonstrating its
localization at the endocytosis initiation sites on the plasma membrane [17]. Recently, LSP1
has been shown to localize to nascent phagocytic cups during Fcy receptor-mediated
phagocytosis [15]. Knockdown of LSP1 significantly inhibited phagocytic activity of
macrophages [15]. Studies have also shown that LSP1 may play various roles during the
different stages of the HIV-1 life cycle [13, 16, 29, 30]. However, the exact role of LSP1 in
HIV-1 is not yet fully characterized. Smith ef a/. have demonstrated that LSP1 interacts with
DC-SIGN and mediates internalization of HIV-1 [30]. Further they showed that LSP1
facilitates the trafficking of virus towards proteasomal degradation [30]. In addition, LSP1
serves as a scaffold protein in DC-SIGN induced formation of a signalosome complex which
determines the outcome of pro-inflammatory immune responses against invading pathogens
[29]. Recently, Chauhan et a/. found that LSP1 plays an important role in endocytosis of
HIV-1 in astrocytes [13].

HIV-1 virions bound to the cell surface of DCs are endocytosed and transferred to
phagolysosomal complexes for degradation and subsequent antigen presentation [7, 8]. Bone
marrow stromal cell antigen 2 (BST-2)/Tetherin, an interferon-inducible protein is known to
potently restrict the release of HIV-1 from host cells by physically anchoring virions to the
cell surface [31, 32]. BST-2 also mediates the endocytosis of surface accumulated HIV-1
virions and sequesters them within intracellular vesicles for subsequent lysosomal
degradation [31, 32]. At intracellular HIV-1 assembly sites, BST-2 localizes at virus-
containing compartment (VCC) and physically anchors virions to VCCs, subsequently
recruiting components of the ESCRT complex [33]. It has been shown that BST-2 also
regulates the release of extracellular vesicles by anchoring them to the cell surface [34]. Our
recent study and others have demonstrated that LSP1 interacts with DC-SIGN and facilitates
transport of HIV-1 to the proteasomal complex and subsequent degradation [16, 29]. Here,
we show that LSP1 interacts with BST-2 and plays a key role in the endocytosis of HIV-1 in
DCs. In addition, we found that LSP1 interacts with molecules of the ESCRT complex and
facilitates intracellular trafficking of HIV-1 towards a phagolysosomal complex.
Furthermore, we found that the HIV-1 accessory molecule Vpu can induce degradation of
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LSP1 and subvert its trafficking, thereby decreasing degradation of HIV-1 and enhancing its
transfer to T-cells. These novel observations shed new light on how LSP1 participates in
HIV pathobiology.

MATERIALS AND METHODS

Ethics Statement

Buffy coats were obtained from the Blood Transfusion Service, Massachusetts General
Hospital, Boston, MA, in compliance with the Beth Israel Deaconess Medical Center
Committee on Clinical Investigations (CCI) protocol #2008-P-000418/5. Buffy coats were
provided at this institution for research purposes; therefore, no informed consent was further
needed. In addition, buffy coats were provided without identifiers. This study was approved
by Beth Israel Deaconess Medical Center’s CCl, Institutional Review Board, and Privacy
Board appointed to review research involving human subjects. The experimental procedures
were carried out in strict accordance with approved guidelines.

Cells, HIV-1 and constructs

Human peripheral blood mononuclear cells (PBMCs) were isolated from healthy human
donor buffy coats by ficoll-paque density gradient method. Monocyte derived dendritic cells
(hereafter referred as DCs) were prepared and cultured as previously described [25, 27].
Briefly, CD14+ monocytes were isolated from PBMCs, using a human CD14+ positive
selection kit (StemCell Technologies, Vancouver, BC, Canada) per manufacturer’s
instructions. Monocytes were cultured in complete RPMI medium, supplemented with 50
ng/ml human granulocyte macrophage colony-stimulating factor (Specific activity > 1 x 107
units/mg, PeproTech, Rocky Hill, NJ) and 50 ng/ml human interleukin-4 (Specific activity =
5 x 10% units/mg. PeproTech,) for 6 days. On day 3, half of the medium was replenished by
the fresh medium. CD4+ T-cells (hereafter referred as T-cells) were isolated from PBMCs
by negative selection using a CD4+ isolation kit (Stem Cell Technologies, Vancouver
Canada). Isolated T-cells were cultured in RPMI medium containing 10% fetal bovine serum
(FBS), and 1% penicillin-streptomycin, supplemented with phytohemagglutinin (PHA-L)
and interleukin-2 (IL-2). Following three days of culture, cells were maintained in complete
culture medium supplemented with IL-2 (10 ng/ml). The purity of these T-cells was
analyzed by checking the expression of CD3 and CD4 markers using flow cytometry and
purity of isolated T-cells was 90-94%. T- cells were autologous to DCs in all experiments.

HIV-1 BalL was obtained from the NIH AIDS Research and Reference Reagent Program,
National Institute of Allergy and Infectious Diseases, NIH. To prepare HIV-1 stocks, PBMC
derived T-cells were cultured with HIV-1 BaL for 7 days. Fresh T-cells, suspended at 1 x 106
cells/ml were added at day 7. At day 14 after initial viral inoculation, the supernatant was
harvested and stored at =80 °C. HIV-1 p24 viral antigen in the supernatants was quantified
by ELISA (Zeptometrix Corporation, Buffalo, NY). 293T cells were procured from
American Type Culture Collection (ATCC) (Manassas, VA).

Constructs FLAG-tagged Vpu (3XFLAG-Vpu), Vpr (3XFLAG-Vpr) and Vif (3XFLAG-Vif)
were kindly gifted to the lab by Dr. Nevan J. Krogan (University of San Francisco, CA) [35].
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HIV-1 NL4-3, HIV-1 NL4-3AVpu, and HIV-1 NL4-3AEnVEGFP constructs were obtained
from the NIH AIDS Research and Reference Reagent Program-Fisher Bioservices.

PCR was used to clone the full-length LSP1 encompassing amino acids 2—-339 and the
truncation mutants 2-145 and 146-339 into a modified pTriEx-1 vector at the BamH1 and
EcoR1 sites for expression in E. coli. The expressed proteins contained an N-terminal
6xHis-GST tag followed by thrombin and rhinovirus 3C protease cleavage sites. Full length
LSP1 was also cloned into pPCMV-HAZ1 at the Bglll and EcoR1 sites to create an N-terminal
hemagglutinin (HA) tag on the expressed protein.

The mature form of BST-2 (amino acids 2-161) and a mutant lacking a putative GPI-anchor
amidated serine (S161A) were cloned into the mammalian expression vector pPCMV-HAL at
the Bglll and EcoR1 sites. The expressed proteins contain an N-terminal HA tag. All
constructs were verified by sequencing prior to transfection or transformation.

Antibodies and reagents

EEA1, Rab5, HA tag, GST tag, LSP1, Ubiquitin, HRS, STAM1, B-TrCP and FLAG
antibodies were obtained from Cell Signaling Technology (Danvers, MA). Tetherin and
GAPDH antibodies were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA),
LSP1 antibody was purchased from BD. CellTrace Far-Red DDAO-SE (C34553), and
Lipofectamine 2000 were obtained from Life Technologies Corp. FITC-conjugated p24
GAG (6604665) and RD1-conjugated p24 GAG (6604667) antibodies were obtained from
Beckman Coulter, Inc. (Brea, CA). Anti-GFP antibody (FITC) was obtained from Abcam
(Cambridge, MA). Interferon-a. was purchased from PBL Assay Science (Piscataway, NJ)

siRNA-mediated knockdown of LSP1

Small interference RNA-mediated knockdown of LSP1 was performed using LSP1 —siRNA
(Santa Cruz Biotechnology) as described previously [36]. DCs were transfected with LSP1
SiRNA or non-targeted (NT) siRNA as a negative control (GE Dharmacon, Lafayette, CO)
by nucleofection (Lonza, Wakersville, MD) according to the manufacturer’s instructions.

Confocal microscopy

DCs or T-cells were cultured on chamber slides. They were uninfected or infected with
HIV-1 BaL for 2 or 24 hours. They were fixed in 4% paraformaldehyde and blocked with
5% normal goat serum in PBS/Triton X100 (1 hour). Cells were then incubated with primary
antibodies overnight at 4 °C, washed thrice with PBS, and stained with conjugated
secondary antibodies for 2 hours. Subsequently, cells were washed thrice with PBS, and
slides were mounted using Prolong Gold antifade with DAPI (4”,6-diamidino-2-
phenylindole; Invitrogen). Slides were examined under a Zeiss 880 Meta confocal
microscope (Carl Zeiss Microimaging, LLC, Thornwood, NY), and images were acquired
using ZEN2 software (Carl Zeiss). Figures were made using Adobe Photoshop CS4 software
(Adobe Systems, San Jose, CA). Total 100 cells per condition were analyzed by randomly
choosing 10 images containing approximately 10 cells /image.
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Analyzing the role of HIV-1Vpu in the LSP1 degradation

Constructs HA tagged LSP1 (LSP1-HA) and FLAG-tagged Vpu (3XFLAG-Vpu) or Vpr
(3XFLAG-Vpr) or Vif (3XFLAG-Vif) were co-transfected into 293T cells by using Lonza
Nucleofector device according to the manufacturer’s instructions. After 24 hours cells were
lysed and immunoprecipitated with anti-HA antibody. Interactions of LSP1 with Vpu, Vpr
and Vif were analyzed with anti-FLAG antibody. To analyze effects of HIV-1Vpu in LSP1
degradation, infectious molecular clone pNL4-3 or pNL4-3AVpu or pNL4-3AEnVEGFP
was nucleofected into DCs by using Lonza Nucleofector device according to the
manufacturer’s instructions. After 3 days post transfection LSP1 expression levels were
quantitated by Western blotting.

Western blotting and immunoprecipitation

Western blotting was performed as previously described [27]. Briefly, uninfected and HIV-1
infected/ untreated or IFN-a treated T-cells or DCs or untreated or transfected 293T cells
were collected in cell lysis buffer, protein lysates were separated on NUPAGE precast gels
(Life Technologies Corp.), transferred to 0.45 pm nitrocellulose membranes (Bio-Rad
Laboratories, Hercules, CA), and probed with appropriate primary antibodies followed by
incubation with their respective secondary antibodies. Proteins were visualized with Western
Lightning Plus ECL Substrate (PerkinElmer, Waltham, MA).

For immunoprecipitation assay, untreated or HIV-1 infected or IFN-a treated DCs or T-cells
or transfected 293T cells were lysed with cell lysis buffer (Cell Signaling Technology).
Immunoprecipitation was performed as previously described [16].

Endocytosis assay

Untreated DCs and DCs transfected with NT-siRNAs or LSP1-specific siRNAs were
incubated with HIV-1 BaL for 30 minutes at 4°C, followed by incubation at 37°C for 2 hours
as described previously [37]. The cells were lysed with cell lysis buffer and analyzed for p24
using ELISA.

Assessing HIV-1 transfer by flow cytometry

To analyze the effect of LSP1 knockdown on HIV-1 transfer from DCs to T-cells, DCs (2.5x
10°) transfected with NT-siRNA or LSP1-siRNA were incubated with HIV-1 BaL [20ng/ml
p24 gag] for 2 hours, washed thrice in 1X PBS to remove untrapped virions, and replated.
Subsequently, Far-Red-labelled autologous T-cells (1.0x10%) were added. After indicated
times, cells were stained for p24-FITC (HIV-1 marker) before acquiring by flow cytometry.
Far-Red-labelled T-cells were analyzed for p24 co-expression by FACS analysis, from a total
of 10,000 acquired events.

Statistical Analysis

Differences between groups were calculated using a standard 2-tailed Student’s t-test. P-
values < 0.05 were considered statistically significant.
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RESULTS

LSP1 mediates intracellular trafficking of HIV-1 via interacting with BST-2 and components
of ESCRT machinery

LSP1 has been shown to play a key role in DC-SIGN mediated internalization of HIV-1 by
interacting with various scaffolding proteins including KSR1, CNK and Raf1 [29]. Since
LSP1 also can transport HIV-1 to proteasomes, we analyzed its interaction with components
of the ESCRT complex. Immunoprecipitation experiments in DCs (immature monocyte
derived dendritic cells) revealed that HIV-1 induced increased association between LSP1 and
Signal Transducing Adaptor Molecule 1 (STAML1) and Hepatocyte growth factor-regulated
tyrosine kinase substrate (HRS) (Fig. 1A and B). These two molecules are components of
the ESCRT-0 complex that mediate the endocytic sorting of ubiquitinated membrane
proteins to the lysosomal compartment for degradation [38, 39]. Intriguingly, further
analysis revealed an interaction between LSP1 and BST-2; this interaction was significantly
enhanced after HIV-1 infection. Confocal microscopic analyses confirmed an enhanced
interaction of LSP1 with STAM1, HRS and BST-2 upon HIV-1 infection in DCs (Fig. 1C
and D). To elucidate the role of LSP1/BST-2 complex in intracellular trafficking of HIV-1,
we analyzed the co-localization of LSP1/BST-2 with HIV-1 p24 in HIV-1 infected DCs. Our
confocal microscopic analyses revealed increased co-localization of the LSP1/BST-2
complex with HIV-1 p24, indicating that LSP1/BST-2 may participate in intracellular
trafficking of HIV-1 (Fig. 1E).

Molecular interactions of LSP1 and BST-2

To further analyze the molecular interactions between LSP1 and BST-2, we co-transfected
full length or truncated constructs of LSP1 and BST-2 (Fig. 2A and B) into 293T cells.
Immunoprecipitation analysis revealed the interaction of the N-terminus of LSP1 with
BST-2 FL. We did not observe any interaction between the C-terminus LSP1 with BST-2 FL
(Fig. 2C). Next, to study the role of the GPI anchor of BST-2 in this interaction, we co-
transfected 293T cells with BST-2 FL (aa2-161) or proBST-2 (aa2-180) or BST-2 AGPI or
BST-2 AGPI mutated (aal60 S x A) and N-terminus LSP1 constructs. We observed
interaction of N-terminus LSP1 with both GPI mutants of BST-2 and BST-2 FL constructs,
indicating that the GPI anchor does not participate in the interaction between LSP1 and
BST-2. Interestingly, we did not observe an interaction of LSP1 with proBST-2 (aa2-180)
(Fig. 2D). We confirmed the LSP1 N-terminus and BST-2 FL interaction in co-transfected
293T cells by confocal microscopy (Fig. 2E).

LSP1 mediates HIV-1 endocytosis in DCs

Previous studies have shown that ablation of LSP1 by siRNA significantly inhibited
productive infection of HIV-1 in astrocytes, suggesting its role in HIV-1 endocytosis [40].
We thus tested the effects of LSP1 depletion on HIV-1 endocytosis in DCs. We knocked
down expression of LSP1 by siRNA, and observed that HIV-1 endocytosis was significantly
inhibited in LSP1 depleted cells compared to controls (Fig. 3A). LSP1 knockdown was
confirmed by using Western blotting (Fig. 3B and C). Next, we analyzed the association of
LSP1 with the early endosome markers EEA1 (Early Endosome Antigen) and Rab5, a
regulatory guanosine triphosphatase associated with the sorting endosome (Fig. 3D and E).
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We observed an enhanced association of LSP1 with EEA1 and Rab5 after HIV-1 treatment.
Next, we performed confocal microscopy to analyze whether LSP1 mediates transfer of
HIV-1 to endosomes by co-staining of LSP1, EEA1 and HIV-1 p24 after incubating DCs
with HIV-1 (Fig. 3F). We observed increased co-localization of these molecules in HIV-1
incubated cells compared to controls. These results indicate that LSP1 may be involved in
the internalization of HIV-1 by mediating the formation of early endosomes in DCs.

enhances LSP1 and BST-2 interaction in both DCs and T-cells

Since BST-2 is an IFN-a inducible protein, we studied the effect of INF-a on the LSP1/
BST-2 interaction, in DCs and T-cells. We observed an enhanced association between LSP1/
BST-2 upon IFN-a treatment in both cell types (Fig. 4A and B). We confirmed this IFN-a
enhanced interaction by confocal microcopy (Fig. 4C). Further, we tested the effects of IFN-
a on the expression pattern of LSP1 and BST-2 in both T-cells and DCs. As expected, we
found increased expression of BST-2 upon IFN-a treatment in both cell types. Interestingly,
we also observed a moderate increase in LSP1 expression in DCs and a significant increase
in T-cells upon IFN-a treatment (Fig. 4D and E).

HIV-1 Vpu induces proteasomal degradation of LSP1 in DCs

HIV-1 is known to alter the host intracellular trafficking pathways by its accessory proteins
such as Vif, Vpr and Vpu [41]. Furthermore, HIV-1 Vpu has been shown to induce
degradation of various host resistance factors including BST-2 [41, 42]. Hence, we analyzed
the expression pattern of LSP1 in HIV-1 infected DCs and T-cells. We found a significant
decrease in the expression of LSP1 in HIV-1 infected cells compared to control cells (Fig.
5A). Next, we analyzed the molecular mechanisms involved in the decreased expression of
LSP1 in HIV-1 infected cells. We did not observe changes in the levels of mRNA of LSP1
(data not shown). However, immunoprecipitation experiments revealed increased
ubiquitination of LSP1 in HIV-1 infected DCs compared to uninfected cells (Fig. 5B). We
confirmed this result using confocal microscopy, where we observed increased co-
localization of ubiquitin and LSP1 in HIV-1 infected cells compared to control cells (Fig.
5C, left panel). In addition, we found enhanced colocalization of B-Trcp and LSP1 in HIV-1
infected DCs compared to uninfected cells indicating that -TrCP may mediates
ubiquitination and degradation of LSP1 in HIV-1 infected DCs (Fig. 5C, right panel). To
further investigate the role of HIV-1 accessory molecules in LSP1 degradation, we co-
transfected FLAG-tagged Vpu or Vpr or Vif and HA-tagged LSP1 in 293T cells and
analyzed the interaction of these molecules with LSP1 by immunoprecipitation (Fig. 5D).
We only observed an interaction between Vpu and LSP1. Next, to study the role of Vpu in
LSP1 degradation, we cultured Vpu and LSP1 co-transfected 293T cells in the presence or
absence of a proteasome inhibitor and then analyzed the level of LSP1 expression by
Western blotting (Fig. 5E). We observed increased LSP1 expression in proteasome inhibitor
treated cells compared to untreated cells. To further confirm the role of Vpu in LSP1
degradation, we transfected the DCs with Vpu-deleted variant of HIV-1NL4-3 (pNL4-
3Avpu) or full-length HIV-1 NL4-3 (pNL4-3) and Env-deleted variant of HIV-1 NL4-3
(pNL4-3AEnv EGFP) as controls and analyzed the expression levels of LSP1 in these cells
after 3 days post-transfection. We observed no significant change in the expression of LSP1
in DCs infected with Vpu-deleted variant of HIV-1 compared to uninfected cells, whereas
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LSP1 expression level was significantly reduced in HIV-1 NL4-3 or HIV-1 NL4-3AEnv
infected cells (Fig. 5F-G). These results indicate that HIV-1 Vpu can participate in
proteasomal degradation of LSP1 in HIV-1 infected DCs and T-cells. Interestingly, it has
been shown that HIV-1 Vpu also can mediate proteasomal degradation of BST-2 and thereby
inhibit its intrinsic resistance against HIV-1 infection [41, 42].

LSP1 knockdown enhances DC to T-cell HIV-1 transmission

Next, we tested the effects of LSP1 knockdown in DCs on cell-cell transmission of HIV-1
using an /n vitro DC to T-cell viral transfer assay. LSP1 knocked down DCs were incubated
with HIV-1 BaL for 2 hours, washed to remove unbound virus and Far Red labelled-T-cells
were added at a 1:4 ratio. After 3 days, the DC and T-cell co-cultures were stained with anti-
HIV-1 p24 antibody and analyzed by flow cytometry. We quantitated the HIV-1 p24 positive
Far-Red-labelled T-cells in the total Far-Red-labelled T-cell population, which represents T-
cells infected from DCs. We found significant increases in transfer of HIV-1 from LSP1
depleted DCs compared to controls (Fig. 6A and B).

DISCUSSION

HIV-1 utilizes various mechanisms to exploit a cell-encoded intracellular vesicle trafficking
pathway to avoid degradation and facilitate replication [9-12]. The actin binding
cytoskeletal protein, LSP1, has been shown to play a central role in transporting the virus for
proteasomal degradation [14, 30]. In this study, we demonstrate that LSP1 interacts with
BST-2 and IFN-a further enhances this interaction. In addition, we found that a LSP1/BST-2
complex facilitates endocytosis of cell surface bound viruses. BST-2, also known as tetherin,
is a restriction factor of enveloped viruses including HIV-1, and inhibits its release by
tethering viral particles to the surface of infected cells [31, 32]. Although it has been well
established that BST-2 could inhibit virion release, the fate of the tethered, mature virions on
the infected cell surface is still not well defined. These virions are either endocytosed and
transported to a phagolysosomal complex for degradation or may enhance cell-to-cell spread
of infection [10]. At the cell surface, BST-2 is expressed as a dimer consisting of an N-
terminal transmembrane domain, glycosylated coiled-coil extracellular region, and C-
terminal glycophosphatidyl inositol (GPI) anchor [43-45]. The N-terminal cytoplasmic tail
encodes a dual tyrosine motif, which is known to trigger endocytosis and activation of the
transcription factor NF-xB [45-48]. In addition, this motif is implicated in clathrin-
dependent endocytosis and association with the actin cytoskeletal system [45, 47]. Our
structural analysis of the LSP1/BST-2 interaction revealed that it is the N-terminal domain of
LSP1 which binds to BST-2. Furthermore, we hypothesize that LSP1 may bind to the dual
tyrosine motif of N-terminal region of BST-2, since this site has been shown to interact with
the actin cytoskeleton [45]. Intriguingly, the dual tyrosine motif of N-terminal region is also
involved in clathrin mediated endocytosis [45, 47]. Hence, LSP1 interaction with BST-2 may
regulate internalization of HIV-1 virions tethered to BST-2 at the cell surface. Our confocal
microscopic studies revealed co-localization of a LSP1/BST-2 complex with HIV-1 p24; this
further supports our hypothesis that LSP1/BST-2 is involved in HIV-1 internalization.
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Previously, we have reported on the role of LSP1 in internalization of HIV-1 in DCs and
others have reported this in astrocytes [16, 40]. Binding of HIV-1 to C-type lectin DC-SIGN
induced its interaction with LSP1, thereby mediating the formation of a signalosome
complex, which is involved in internalizing HIV-1 [29]. Our study further revealed that
LSP1 interacts with the ESCRT complex, which plays a major role in intracellular vesicular
trafficking. Hence, LSP1 may facilitate the transfer of endocytosed HIV-1 to the ESCRT
complex, which is further transported to the phagolysosomal complex. Our study also
revealed the recruitment of HRS and STAML to the LSP1/BST-2 complex. HRS and STAM1
are involved in endocytic sorting of ubiquitinated proteins to the lysosomal compartment for
degradation [38, 39]. Interestingly, BST-2 has also been shown to associate with HRS during
HIV-1 Vpu mediated degradation [38]. These results further support the finding of Smith et
al., who demonstrated a role of LSP1 in transporting HIV-1 to the proteasomal complex for
degradation [30].

HIV-1 can subvert intracellular trafficking pathways to avoid its degradation and enhance its
spread [10, 49]. HIV-1 overcomes BST-2 mediated intrinsic resistance by promoting its
down-regulation via proteasomal degradation [45, 50, 51]. Interestingly, we also observed
HIV-1 Vpu induced degradation of LSP1 in both DCs and T-cells, thereby altering
intracellular trafficking to avoid degradation. Downregulation of LSP1 with specific siRNA
in DCs has been shown to enhance transfer of HIV-1 from DC to T-cells [30]. Consistent
with these results, we observed siRNA mediated knockdown of LSP1 in DCs enhanced
transmission of HIV-1 to T-cells.

In sum, here we identify a novel mechanism of intracellular trafficking of HIV-1 by
demonstrating that a LSP1/BST-2 complex participates in the internalization of cell surface
bound HIV-1 particles and further traffics viral particles towards proteasomal degradation
via interacting with ESCRT components. Moreover, we observed that HIV-1 Vpu can
subvert this pathway by inducing proteasomal degradation of LSP1 and, thereby, facilitate
cell-cell transmission.
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Figure 1: L SP1 mediatesintracellular trafficking of HIV-1 by interacting with BST-2 and
ESCRT components.
(A) DCs were incubated with HIV-1 BaL (10ng/ml) for indicated time points (0—24 hours);

lysed and immunoprecipitated with anti-LSP1 antibody. Interactions of LSP1 with BST-2,
STAML1 and HRS were analyzed by Western blotting. LSP1 was used as loading control.
Results are representative of 3 independent experiments. (B) Quantitative analysis of the
Western blots in (A). The band intensity in each lane was determined by Image J software.
The fold change was determined by calculating the value of each lane vs. un-infected (0).
Data represent the mean £+ SD of 3 independent experiments. AbC — antibody control; TCL -
total cell lysate. (C) Quantitative analysis of colocalization of LSP1/BST-2, LSP1/HRS and
LSP1/STAML1 interactions in DCs in (D) using Image J software. Data represents fold
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changes in Pearson’s correlation coefficient indices of 10 randomly chosen images per
condition by normalizing to the control (UN). (D) Confocal images of LSP1 interactions
with BST-2, HRS and STAML in DCs, incubated with or without HIV-1 for 2 hours. Scale
bars = 10 um. (E) Confocal images of LSP1/BST-2/HIV-1 p24 interaction in DCs incubated
with HIV-1 for 2 hours. White square depicts area of colocalization. Results are
representative of 3 independent experiments. Scale bars = 10 pm.
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Figure 2: Molecular interactions of L SP1 and BST-2.
(A & B) BST-2 and LSP1 constructs used for overexpression: HA-tagged BST-2 with GPI

mutation by substituting A at position 161 with S (BST-2 AGPI-1), BST-2 with GPI
mutation by deletion of A at position 161 (BST-2 AGPI-2), BST-2 FL (full length),
proBST-2; GST-tagged LSP1 N (C-terminal deletion), LSP1 C (N-terminal deletion) and
LSP1 FL (full length). (C) Interactions between BST-2 and LSP1 by immunoprecipitation in
293T cells co-transfected with BST-2 FL and LSP1 constructs (N-term, C-term, and FL).
BST-2 was used as a loading control. AbC — antibody control; TCL - total cell lysate. (D)
Interactions between BST-2 and LSP1 by immunoprecipitation of 293T cells co-transfected
with LSP1 N and BST-2 FL, proBST-2, BST-2 AGPI-1 and BST-2 AGPI-2 constructs. BST-2
was used as a loading control. (E) Co-localization of LSP1 and BST-2 in 293T cells co-
transfected with LSP1 N-term and BST-2 FL constructs and stained with anti-GST (green)
and anti-HA (red) antibodies. Results are representative of 3 independent experiments. Scale
bar = 10pm.
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Figure 3: L SP1 mediatesHIV-1 endocytosisin DCs.
(A) Untreated DCs and DCs transfected with NT-siRNAs or LSP1-specific sSiRNAs were

incubated with HIV-1 BaL as described in Methods. The cells were lysed and analyzed for
p24 using ELISA. Data represent the mean = SEM of 3 experiments (C=control, NT=non-
targeted). (B) Representative Western blots analysis of LSP1 expression in untreated DCs
(UN) and in DCs transfected with NT-siRNAs (NT) or LSP1-specific (LSP1) siRNAs.
GAPDH served as a loading control. (C) Quantitative analysis of the Western blots in (B).
The band intensity in each lane was determined by Image J software. The fold change was
determined by considering value of un-transfected control (UN) as 1. Data represent the
mean £ SD of 3 independent experiments. (D) DCs were incubated with HIV-1 BaL
(10ng/ml) for indicated time points (0-4 hours); lysed and immunoprecipitated with anti-
LSP1 antibody. Interactions of LSP1 with EEA1 and Rab5 were analyzed by Western
blotting. LSP1 was used as loading control. AbC — antibody control; TCL - total cell lysate.
(E) Quantitative analysis of the Western blots of LSP1/EEAL and LSP1/Rab5 interactions.
The band intensity in each lane was determined by Image J software. The fold change was
determined by considering value of untreated control (0) as 1. Data represent the mean + SD
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of 3 independent experiments. (F) Confocal images of LSP1/EEA1/HIV-1 p24 interaction in
DCs incubated with or without HIV-1 for 2 hours. Scale bars = 10 pm.
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Figure 4: Interferon-a enhances L SP1 and BST-1 interaction in DCsand T-cells.
(A) DCs (left panel) and T-cells (right panel) were untreated or treated with 300U/ml of

IFN-a for indicated time points (0-24 hours); lysed and immunoprecipitated with anti-LSP1
antibody. Interaction of LSP1 with BST-2 was analyzed by Western blotting. LSP1 was used
as loading control. AbC — antibody control; TCL - total cell lysate. (B) Quantitative analysis
of the Western blots of T-cells and DCs in (A). (C) Confocal images of BST-2 and LSP1
interactions in DCs (top panel) and T-cells (lower panel), untreated or treated with IFN-a for
24 hours. Scale bar = 10 um. Images are representative of 3 independent experiments. (D)
Cell lysates from DCs or T-cells, untreated or treated with 300U/ml of IFN-a for indicated
time points were analyzed for BST-2 and LSP1 expression by Western blot analysis.
GAPDH served as a loading control. (E) Quantitative analysis of the Western blots of BST-2
(left panel) and LSP1 (right panel) in DCs and T-cells (D). The band intensity in each lane
was determined by Image J software. The fold change was determined by considering value
of untreated (0) as 1. Data represent the mean + SD of 3 independent experiments.
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Figure5: Degradation of L SP1 by HIV-1.
(A) Cell lysates from DCs or T-cells incubated with or without HIV-1 BaL (20ng/ml) for 24

hours were analyzed for LSP1 expression by Western blot analysis. GAPDH served as a
loading control. (B) DCs were incubated with or without HIV-1 BaL (20ng/ml) for 24 hours;
lysed and immunoprecipitated with anti-LSP1 antibody. Interaction of LSP1 with Ubiquitin
(Ub) was analyzed by Western blotting. LSP1 was used as loading control. AbC — antibody
control; TCL - total cell lysate. (C) Confocal images of LSP1/Ubiquitin (left panel) and
LSP1/B-TrCP (right panel) interactions in DCs incubated with or without HIV-1 for 24
hours. Scale bars = 10 um. (D) 293T cells were co-transfected with HA tagged LSP1 (LSP1-
HA) with FLAG-tagged Vpu (3XFLAG-Vpu) or Vpr (3XFLAG-Vpr) or Vif (3XFLAG-Vif);
lysed and immunoprecipitated with anti-HA antibody. Interactions of LSP1 with Vpu, Vpr
and Vif were analyzed with anti-FLAG antibody. HA was used as loading control. (E) Cell
lysates from 293T cells co-transfected with 3xFLAG-Vpu and LSP1-HA cultured with or
without proteasome inhibitor MG132 were analyzed for LSP1 expression by Western blot
analysis. GAPDH served as a loading control. (F-G) DCs were nucleofected with infectious
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molecular clone pNL4-3 or pNL4-3AVpu or pNL4-3AEnVEGFP, and LSP1 expression
levels were analyzed by Western blotting. The band intensity was quantitated by using
ImageJ software and percent expression was calculated by considering untreated (UN) as
100%. Results are representative of 3 independent experiments.
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Figure 6: Knockdown of LSP1in DCs enhances HIV-1 transmission to T-cells.
(A) Untransfected (UN), control transfected (NT) or LSP1 knockdown DCs were incubated

with HIV-1 BaL for 2 hours, washed to remove free virus. Far-Red-labelled T-cells were
added. After 3 days, cells were harvested and stained with p24-FITC antibody (HIV-1
marker) and analyzed by flow cytometry. Far-Red-labelled T-cells were gated and p24
positive Far-Red-labelled T-cells were quantitated. (B) Fold change in HIV-1 transfer as
described in (A) was calculated by considering untransfected as 1 from 6 independent
experiments. UN — untransfected DCs; NT - non-targeted siRNA transfected DCs; LSP1 —
LSP1 siRNA transfected DCs.
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