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ABSTRACT 

The HIV-1 antisense protein (ASP) is expressed from an open reading frame 

(ORF) on the negative strand of the viral genome, which overlaps the env gene on the 

positive strand. As a de novo protein, ASP has no known homologs. The existence of 

ASP was first proposed over three decades ago. Yet, whether ASP is expressed in vivo 

and whether it plays a role in the HIV-1 lifecycle remains controversial. The presence of 

a full-length ASP ORF exclusively in the pandemic group M HIV-1 and its conservation 

in ~77% of strains within this group suggests that ASP may offer an evolutionary 

advantage to the virus. Thus, the purpose of the studies described in this thesis was to 

determine whether ASP plays a role in HIV-1 replication. To that end, we generated ASP 

knockout/knockdown (KO/KD) HIV-1 strains by introducing single nucleotide mutations 

that either disable the start codon of the ASP ORF or insert premature stop codons. ASP-

deficient strains were derived from three different HIV-1 clones: the CCR5 (R5)-tropic 

strains, JRCSF and 49.5, and the CXCR4 (X4)-tropic strain NL4-3. In vitro infection of 

primary CD4+ T cells with wildtype and ASP KO/KD viruses showed that the latter 

replicates at lower rates. Moreover, infection of immunodeficient mice reconstituted with 

PBMCs from healthy human donors demonstrated that one of the ASP KO/KD strains 

also has significantly reduced replication in vivo. To further explore the underlying 

mechanisms of ASP action, we examined the infectivity of HIV-1 viral particles 

immunoprecipitated by an anti-ASP antibody and reached the conclusion that ASP is 

present on infectious HIV-1 particles. Since previous studies have shown that ASP is 

present also on the surface of productively infected cells, we hypothesize that ASP may 

be involved in facilitating HIV-1 entry or that it may be able to signal through cellular 
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surface receptors to benefit HIV-1 replication. In conclusion, this study shows for the 

first time that ASP promotes viral replication. It also demonstrates the presence of ASP 

on infectious HIV-1 virions, providing a direction for future ASP functional research. 
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INTRODUCTION 

The human immunodeficiency virus (HIV) belongs to the genus Lentivirus within 

the family of Retroviridae (subfamily Orthoretroviridae). HIV is classified into type 1 

(HIV-1) and type 2 (HIV-2) based on antigenic differences (German Advisory 

Committee Blood, 2016). HIV-1 arose from non-human simian immunodeficiency virus 

(SIV) infecting Central African Chimpanzees (SIVcpz), while HIV-2 arose from a 

different strain of SIV infecting West African Sooty Mangabeys (SIVsm). HIV-1 is 

further divided into four groups: M (major), N (non-M, non-O), O (outlier), and P. Group 

M HIV-1, which can be sub-divided into several subtypes or clades (A-D, F-H, J, and K), 

is the most widespread HIV across the globe and is responsible for the HIV pandemic. By 

contrast, HIV-2 and other HIV-1 groups are generally restricted to transmission within 

African regions. 

 HIV is a single-strand RNA virus, with two copies of the viral genome in each 

virion. Although the HIV genome is only 9,200-9,600 nucleotides in length, the virus 

utilizes alternative splicing to generate multiple transcripts from the same unspliced 

mRNA, thus increasing the coding capacity of its genome. HIV can infect all CD4+ 

human cells, including helper T cells, macrophages, dendritic cells, and microglial cells. 

HIV entry into host cells is mediated by interaction of the envelope protein (Env) with 

the surface receptor CD4 as well as with a co-receptor, usually either chemokine receptor 

4 (CXCR4) or chemokine receptor 5 (CCR5). The ability of an HIV strain to bind one of 

the co-receptors determines its tropism (X4 if it binds CXCR4, R5 if it binds CCR5). The 

virus disassembles in the host cell upon acidic pH in the phagosome. In the cytoplasm, 
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the viral RNA genome is first reverse transcribed into single-strand DNA, then 

synthesized into double-strand DNA by RT (HIV reverse transcriptase that also has a 

DNA-dependent DNA polymerase activity). Proviral DNA (reverse transcribed viral 

genome) is transported into the nucleus and inserted randomly into host genome by the 

HIV integrase (IN). After this establishment of persistent infection, HIV Tat, among 

others, is responsible for regulating production of viral mRNA.  

HIV pathogenesis results from chronic infection and depletion of the CD4+ T cell 

repertoire, leading to immunodeficiency and susceptibility to opportunistic pathogens. 

HIV has infected approximately 80 million people and caused over 39 million deaths 

since its first case report in 1981 (Pandey & Galvani, 2019). According to WHO 2021 

records, about 37.7 million people are living with HIV globally. It is estimated that 

680,000 people died from HIV related causes in 2020. Although many antiretroviral 

drugs are currently available to suppress HIV replication and prevent destruction of 

CD4+ T cells in chronically infected patients, they require strict adherence to a proper 

administration schedule. If not taken appropriately, the drugs become less effective. 

Thus, there is still ongoing effort to identify alternative targets for more efficient 

therapeutics, and hopefully a cure. 

The genome of HIV-1 strains of group M contains an ORF in the negative (antisense) 

strand first identified in 1988 (Miller, 1988). This antisense ORF overlaps the env gene 

on the positive strand, specifically the gp120/gp41 junction. Expression of this ORF is 

driven by a negative sense promoter (NSP) located in the U3 region of the proviral 3’ 

long terminal repeat (LTR), which lacks a canonical TATA box, is HIV-1 Tat- 

independent, and relies on ubiquitous transcription factors. The HIV-1 antisense ORF 
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encodes an antisense protein (ASP) of ~189 amino acids (actual length varies across viral 

strains) that is rich in hydrophobic residues (Figure 1, Panel A), Based on computer 

modeling, ASP is predicted to have two transmembrane domains with intracellular 

amino- and carboxy-termini (Affram et al., 2019; Clerc et al., 2011). Expression of ASP 

was first hypothesized over three decades ago (Miller, 1988), based on several lines of 

molecular evidence. First, it is uncommon for such a long ORF (>300 nucleotides) 

overlapping a coding gene to emerge by chance (Casino et al., 1981). Second, regulatory 

elements required for mRNA transcription and modification ---- eukaryotic promoter-like 

elements at 5’ and poly-adenylation signals at 3’ of ASP ORF ---- are conserved across 

the twelve primary viral isolates analyzed (Miller, 1988). Lastly, start and stop codons 

required for protein translation are also conserved in those sequences (Miller, 1988).  

Direct evidence that ASP is expressed during HIV-1 infection in vivo is still 

lacking. However, detection of immune responses against ASP in peripheral blood of 

people living with HIV-1 (PLWH) provide indirect evidence that ASP is expressed 

during infection (Berger et al., 2015; Bet et al., 2015; Champiat et al., 2012; Savoret et 

al., 2020; Vanhée-Brossollet et al., 1995). A 1995 study showed that sera from PLWH 

contain antibodies able to immunoprecipitate ASP expressed in vitro (Vanhée-Brossollet 

et al., 1995). A more recent study used a nano-luciferase-fused ASP-based luciferase 

immunoprecipitation system (LIPS) assay to demonstrate that ASP antibodies were 

present in plasma samples from PLWH who discontinued ART, but not from those who 

were still on ART, or in those from seronegative donors (Savoret et al., 2020). Three 

other studies used gamma interferon-enzyme linked immunosorbent blot (IFN-g ELISpot) 

assays to test CTL responses against polypeptide segments of ASP (Berger et al., 2015;  
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Figure 1. Location of the asp gene in the group M HIV-1 provirus genome and 
putative structure of ASP (Adapted from Gholizadeh et. al, 2019). (Panel A.) The asp 
gene overlaps env on the positive strand and straddles the gp120/gp41 boundary. The 
ASP protein is about 189 amino acids long with variation across clades of group M. Two 
predicted transmembrane domains are present between residues 63-84 and 146-167. 
(Panel B.) Both N-terminus and C- terminus of ASP are predicted to be intra-cellular, 
while residues 85-145 constitute the predicted extra-cellular loop. The 324.6 anti-ASP 
mAb was raised against a peptide matching the SLISPPPGLKISDP epitope spanning 
form residue 97 to residue 108. 
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(Berger et al., 2015; Bet et al., 2015; Champiat et al., 2012). All of them reported CTL 

activities when using PBMCs from PLWH but not from seronegative patients. Several 

studies also showed that the anti-sense transcript (AST) containing the ASP ORF was 

detected in patients with HIV-1 (Mancarella et al., 2019; Sklutuis, 2022; Zapata et al., 

2017). Altogether, these studies provide indirect evidence that ASP is expressed by the 

virus in vivo and suggest that it may play a role in the HIV-1 lifecycle. 

In recent years, three studies reported statistical and computational analyses of the 

ASP ORF. Cassan and colleagues analyzed 22,992 HIV-1 and SIV env sequences from 

3,931 subjects. They found that a full-length ASP ORF with a start codon and no 

premature stop codons is present in ~77% of Group M HIV-1 strains, the ones that are 

most widespread and gave rise to the HIV pandemic. On the other hand, an intact full-

length ASP ORF is absent in non-M HIV-1 strains as well as in SIV strains infecting 

African apes (Cassan et al., 2016). The authors of this study concluded that the possibility 

of such conservation occurring merely due to chance is extremely low, suggesting that 

maintaining the ASP ORF may be evolutionarily advantageous to the virus. A subsequent 

study by Nelson and colleagues used OLGenie, a computational tool, to study selection 

pressure on the ASP ORF (Nelson et al., 2020). They found that among Group M HIV-1 

isolates, the dN/dS ratio of ASP (ratio of the number of substitutions on the positive strand 

that gave rise to a nonsynonymous mutation in ASP ORF to the number of substitutions 

that gave rise to a synonymous mutation in ASP ORF) is disproportionately low, 

suggesting that there is a selection pressure against alterations of the ASP sequence. More 

recently, Pavesi and Romerio used computational and statistical approaches to show that 

the full-length ASP ORF in group M HIV-1 evolved from an SIV precedent through step-
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by-step removal of internal stop codons (Pavesi & Romerio, 2022). Both of these studies, 

again, suggest that ASP expression is advantageous to the virus, supporting a facilitating 

role of ASP in the HIV-1 life cycle. 

The exact function of ASP, however, remains unclear. The lag in understanding is 

partially attributable to the absence of a homolog in other retroviruses and hence a lack of 

studies for reference (Fischer & Eisenberg, 1999; Wilson et al., 2005). The fact that the 

ASP ORF overlaps the env  gene on the positive strand further complicates the study of 

ASP function without disturbing Env, an essential protein for virus entry and fusion 

(Prabakaran et al., 2007). Also, ASP is only minimally produced under normal 

conditions. HIV-1 antisense transcription is under the control of negative sense promoter 

(NSP), which is Tat-independent and TATA box-deficient, relying on host ubiquitous 

transcription factors only (Bentley et al., 2004; Kobayashi-Ishihara et al., 2012; Michael 

et al., 1994). As a result, antisense transcripts are produced only at low levels under 

normal conditions. Moreover, exportation of antisense transcripts into the cytoplasm for 

translation is inefficient due to the lack of appropriate polyadenylation signals 

(Kobayashi-Ishihara et al., 2012; Ma et al., 2021; Michael et al., 1994). Thus, expression 

of ASP is further limited. Yet another problem that complicates the study of ASP 

expression is the lack of antibodies that detect ASP with high affinity and specificity, as a 

result of the poor immunogenicity of ASP. 

Despite the difficulties in investigating ASP, a few reports have shed light on the 

activities of ASP using in vitro models. Several studies have shown that ASP localizes to 

the plasma membrane and other cellular membranes in T cell lines, primary human CD4+ 

T cells, and primary monocyte derived macrophages (MDMs) (Affram et al., 2019; 
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Briquet & Vaquero, 2002; Clerc et al., 2011). This finding is congruent with the proposed 

structure with transmembrane domains. Previous studies by our lab have also shown that 

ASP localizes with gp120 on the plasma membrane of acutely infected cells, showing 

that ASP is expressed during HIV-1 replication (Affram et al., 2019).  

  Other studies have demonstrated that ASP can induce cell autophagy. It has been 

reported that overexpression of ASP causes it to aggregate (Torresilla et al., 2013). The 

presence of ASP aggregates was identified in autophagosomes and was associated with 

increased levels of autophagy (Torresilla et al., 2013). Another study showed that 

cytoplasmic ASP is ubiquitinated and mediates cell autophagy through interaction with 

p62 (Liu et al., 2019). These findings suggest another potential role of ASP in promoting 

production of viral proteins, since HIV-1 is known to utilize early steps of autophagy for 

Gag processing in infected macrophages (Kyei et al., 2009). Most of these exploratory 

studies, however, were not performed under physiological level of ASP expression. Also, 

it remains unclear whether ASP has an effect on HIV-1 replication.  

For my research thesis, I conducted experiments to examine whether viruses with 

reduced expression of ASP replicate differently from wildtype viruses. By in vitro 

infection of primary CD4+ T cells and in vivo infection of humanized mice, I found that 

replication of ASP knockout/knockdown (KO/KD) viruses was reduced in both cases. 

Then, I developed and optimized a new virion capture assay (VCA) followed by infection 

of a reporter cell line, with which I was able to demonstrate that ASP is present on the 

surface of infectious HIV-1 viral particles. Given existing evidence that ASP is present 

also on the surface of infected cells, we propose that ASP may promote HIV-1 replication 

by facilitating viral entry or by inducing cell surface signaling.  
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METHODS 

Anti-ASP 324.6 Monoclonal Antibodies. The monoclonal anti-ASP antibody used in this 

thesis targets the 324.6 epitope (SLISPPPGLKISDP) of ASP (Figure 1, Panel B). The 

antibody was initially generated using hybridoma technology at Albert Einstein College 

of Medicine Hybridoma Core Facility, as described (Affram et al., 2019). Briefly, amino 

acid (aa) residues 97-110 of ASP (SLISPPPGLKISDP) were chosen to be the 

immunogen due to the relative hydrophilicity and immunogenicity. A synthetic14-aa 

peptide identical to the sequence was conjugated to the carrier protein keyhole limpet 

hemocyanin and used to immunize mice. Plasma cells were isolated from mouse spleens 

and fused with myeloma cell lines to create hybridoma cells (Mitra & Tomar, 2021).The 

324.6 single cell clone was selected for its ability to produce ASP antibodies with higher 

specificity and affinity compared to other clones. Monoclonal antibodies were purified 

and concentrated from culture supernatant of 324.6 hybridoma cells by column 

chromatography.  

HIV-1 ASP Mutants. The HIV-1 49.5, JRCSF, and NL4-3 molecular clones were 

obtained from the NIH HIV Reagent Program (ARP-11389, B Chesebro; ARP-2708, ISY 

Chen and Y Koyanagi; ARP-114, M Martin). The ASP-deficient strains shown in Figure 

2 (NL4-3-ATT/S1/S2/S3/S12; JRSCF-DASP1/DASP2/DASP4/DASP1B/DASP2B; 49.5-

DASP1/DASP2/DASP3/DASP4) were generated by molecular cloning. The 484-bp AleI-

BsaBI fragment of p49.5 and pNL4-3, and the 706-bp AleI-BamHI fragment of pYK-

JRCSF were replaced with DNA fragments produced by gene synthesis (GenScript) 

carrying nucleotide substitutions that altered the ASP start codon (ATG > ATT) and/or 
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introduced premature stops at codons 12, 24 and/or 67 of the ASP ORF (TGC > TGA; 

Cys > stop). Plasmids carrying engineered ASP ORFs were digested with restriction 

enzymes (AleI-V2 and BsaBI for 49.5 and NL4-3, AleI-V2 and BamHI for JRCSF; New 

England Biolabs). Insert fragments were separated by gel electrophoresis and purified 

from the corresponding gel blocks (QIAGEN, Catalog No. 28604). Vector fragments 

were prepared similarly from full-length constructs. Insert fragments and vector 

fragments were ligated with T4 DNA ligase (New England Biolabs) according to 

manufacturer’s protocol and transformed into Stbl3 chemically competent E. coli cells 

(Thermo Fisher, Catalog No. C737303) by heat shock at 42ºC for 45 seconds and then 

incubation on ice for one minute. The cells were rapidly expanded in SOC medium 

(Thermo Fisher, Catalog No. 15544034) and spread onto LB agar plates with 100  µg/mL 

ampicillin to select for the cells that had incorporated ligation products carrying the 

ampicillin resistance gene. After incubation at 32ºC overnight, bacterial clones were 

picked and inoculated into 4 mL of LB broth with 100 µg/mL ampicillin. Cultures were 

incubated at 32ºC overnight with shaking at 235 rpm. DNA was extracted from the 

bacterial cultures (QIAGEN, Catalog No. 27104), digested with the same restriction 

enzymes indicated above, and verified by gel electrophoresis for presence of bands of the 

correct size. The correct clones were further expanded in 500 mL LB broth with 100 

µg/mL ampicillin at 32ºC overnight with shaking at 235 rpm. DNA was extracted from 

the bacterial cultures with QIAGEN Maxiprep kits and sent for SANGER sequencing 

(Azenta Life Sciences) for verification. The verified plasmids were transfected into 

HEK293T cells using a Lipofectamine 3000 kit (Thermo Fisher, Catalog No. L3000001) 

to produce infectious viruses. Culture supernatant was collected 72 hours post 
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transfection and concentrated with PEG-itÔ Viral Precipitation Solution (System 

Biosciences, Cat. # LV-810A-1). Concentrated viruses were quantified by PerkinElmer 

HIV-1 p24 antigen ELISA (enzyme-linked immunoassay) kit (Catalog No. 

NEK050B001KT). 

Primary CD4+ T Cells isolation and activation. Leukopaks collected from healthy 

donors were obtained from New York Blood Center. Peripheral blood mononuclear cells 

(PBMCs) were isolated by density gradient centrifugation of whole blood with Ficoll-

Paque PLUS (Sigma-Aldrich, Catalog No. GE17-1440-02). CD4+ T cells were 

subsequently isolated by negative selection (Miltenyi Biotec, #130-096-533) according to 

manufacturer’s protocol. Briefly, PBMCs were labelled with biotin-conjugated antibodies 

(against CD8a, CD14, CD15, CD16, CD19, CD36, CD56, CD123, TcRg/d, CD235a). 

The labeled cells were then removed with anti-biotin magnetic microbeads using a 

MACS column (Miltenyi Biotec, #130-042-401) on a magnetic separator (Miltenyi 

Biotec, #130-091-051), and unlabeled CD4+ T cells were eluted. Freshly isolated CD4+ 

T cells were then activated with anti-CD3/anti-CD28 dynabeads (Thermo Fisher, Catalog 

No. 11161D) at a bead/cell ratio of 1 three days with 100-150 ng/mL Interleukin-2 (IL-2) 

(Sigma-Aldrich, SKU11147528001) in RPMI 1640 complete medium (RPMI 1640 with 

10% heat-inactivated fetal bovine serum (FBS; R&D Systems, S12450) and 1% 

Penicillin-Streptomycin-Glutamine (PSG; Thermo Fisher, Catalog No. 10378016)). Cells 

were seeded at 106 cells/mL and incubated at 37ºC with 5% CO2. 

In Vitro Infection Assays. Dynabeads were removed from primary CD4+ T cells after 

three days by pipetting and magnetic separation. Activated CD4+ T cells were infected 

with wildtype or ASP KO/KD (knockout/knockdown) HIV-1s by spinoculation. Old 
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culture medium was removed prior to infection, and the cells were resuspended at 3´106 

cells/mL in RPMI 1640 without FBS or PSG in 1.5mL microcentrifuge tubes (USA 

Scientific). For each 106 cells, 20 ng p24 equivalent (quantified by ELISA) of wildtype or 

ASP KO/KD HIV-1 (49.5, JRCSF, and NL4-3) was used. Cells were incubated with 

virus for 30 minutes at 37ºC, followed by centrifugation at 1,200´g for 90 minutes at 

room temperature. The cells were then washed three times with RPMI 1640 complete 

medium and seeded at 106 cells/mL with 50 ng/mL IL-2 at 37ºC, 5% CO2. Culture 

supernatant of CD4+ T cells was collected at three timepoints (day 3/7/10 or day 4/7/11) 

after infection. HIV-1 replication was assessed by measuring the amount of p24 in the 

supernatant with PerkinElmer HIV-1 p24 antigen ELISA kit (NEK050B001KT). 

Statistical analyses were performed with Prism using a two-way ANOVA test under the 

null hypothesis that there is no difference between p24 levels in culture supernatant of 

wildtype versus mutant viruses-infected cells. 

Humanized NSG Mouse Model. Mouse experiments were performed at the University of 

Maryland Institute of Human Virology in collaboration with Dr. Alonso Heredia and Ben 

Atkinson. Adult NSG mice (genotype NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) were obtained 

from Jackson Laboratories (RRID:IMSR_JAX:005557) and reconstituted with PBMCs 

isolated from peripheral blood of healthy human donors (New York Blood Center) by 

intraperitoneal injection. Based on pilot reconstitution tests with PBMCs from the same 

donors, 5´106 to 107 cells were injected into each mouse intraperitoneally in 200 µL 

RPMI-20 medium (RPMI 1640 with 20% heat-inactivated FBS, 100 U/mL penicillin, 

100 µg/mL streptavidin, 2mM L-glutamine, 20mM HEPES). The mice were bled retro-

orbitally at 2-3 weeks post PBMC engraftment. About 70 µL of blood was collected from 
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each mouse. After lysis of red blood cells with ACK buffer (1´), the blood samples were 

stained with anti-human CD19, anti-CD3, anti-CD4, and anti-CD45 antibodies for 

analysis on a Millipore Guava flow cytometer to evaluate reconstitution status. For mice 

that were successfully reconstituted (> 400 CD4+ T cells per 50,000 peripheral blood 

cells), 50 pg p24 equivalent of wildtype or ASP-deficient (DASP1, DASP2, DASP4) 

HIV-1 JRCSF strains were injected intraperitoneally into each of 8 mice in 200 µL R20 

medium. The mice were then bled weekly over 5 weeks. Viral loads were assessed by 

quantification of plasma HIV-1 RNA by RT-qPCR. Briefly, RNA was extracted using 

Qiagen Viral RNA Mini Kit according to manufacturer’s protocol. Six microliters of 

RNA eluted from the previous step was used for cDNA synthesis with SuperScript III 

First-Strand Synthesis Supermix (Invitrogen). Ten microliters of RT product were used 

for real time quantitative PCR with gag-specific primers SK145 and SK431 (Quantitec 

SYBR Green PCR kit, Qiagen). RNA extraction and RT-qPCR of the samples were 

performed in parallel with a standard with known viral load for absolute quantification 

(NIH HIV reagents program, ARP-3443, J Bremer).  

Virion Capture Assay (VCA). VCA was performed as described previously (Affram et 

al., 2019) with some minor adjustments. Thirty microliters of protein G dynabeads 

(Thermo Fisher, Catalog No. 10004D) were first washed twice with 100 µL PBS and 

then incubated with 10 µg of antibody (anti-ASP 324.6, anti-gp120 clones 2G12, VRC01 

or b12, NIH HIV Reagents Program, ARP-1476, DAIDS/NIAID; ARP-12149, 

International AIDS Vaccine Initiative; ARP-12033, X Wu, Z-Y Yang, Y Li, G Nabel, J 

Mascola, or IgG isotype control, Abcam, ab37355) in 200 µL PBS containing 0.02% 

Tween-20 at 4ºC overnight with rotation. The bead-antibody conjugates were then 
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washed three times, each with 5-minute rotation at room temperature, with 500 µL PBS 

containing 0.025% casein to remove unbound antibodies. Culture supernatant of infected 

cells or 20 ng p24 equivalent of HIV-1 diluted in 400 µL PBS were then added to the 

washed conjugate, and together they were incubated at room temperature for 2 hours with 

rotation. The bead-antibody-virion conjugates were washed in the same way as the 

previous step. After the last wash, the conjugate immobilized by the magnetic rack was 

treated as a plasma sample and used for RNA extraction (QIAGEN, Cat. No. 52904) 

followed by RT-qPCR to quantify captured virions. Alternatively, captured virions were 

eluted from the dynabeads using 30 µL 3M MgCl2 with repetitive pipetting and then used 

to infect RevCEM-D4 reporter cells to assess the presence of infectious virus particles as 

described below. 

RevCEM-D4 Infection. RevCEM-D4 cells were obtained from NIH HIV Reagents 

Program (ARP-13437, A Sigal). Eluates from VCA in 30 µL 3M MgCl2 were diluted 10-

fold with PBS before being added to the RevCEM-D4 reporter cells to avoid osmotic 

stress due to high ion concentration. Each 300 µL diluted eluate from one VCA reaction 

was used to infect 5´105 RevCEM-D4 cells in 500 µL RPMI 1640 medium. Cells were 

incubated with eluate for 30 minutes at 37ºC and centrifuged at 1,200´g for 90 minutes. 

A total of 800 µL medium was removed from the cell pellet, and cells were resuspended 

in 1 mL RPMI 1640 with 10% FBS and 1% PSG and kept at 37ºC, 5% CO2. Every three 

days, half of the cells were collected for flow cytometry analysis to measure GFP 

expression, and the culture was replenished to 1 mL of medium in total.  
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Sample Preparation and Flow Cytometry Analysis. For preparation of RevCEM-D4 

infection samples, cells were collected into microcentrifuge tubes and centrifuged at 

3,400 rpm for 3 minutes for removal of culture medium. The cells were then washed 

twice with PBS, and then resuspended in 400 µL of PBS for analysis on a BD 

LSRFortessa flow cytometer. Uninfected cells were used to gate single cells based on 

forward scatter (FSC) and side scatter (SSC). Samples were acquired through FITC and 

APC channels. For preparation of PBMC reconstitution test samples, 50 µL blood from 

each mouse was lysed with 1´ ACK buffer at room temperature for 10 minutes and 

washed with 1 mL PBS with 1% FBS. Next, the samples were blocked with 50 µL 

RPMI-20 for 10 minutes at room temperature and stained by fluorescently labeled anti-

CD19 (PE), anti-CD3 (FITC), anti-CD4 (APC) and anti-CD45 (PerCP) antibodies for 30 

minutes at room temperature in the dark. The cells were then washed twice with 2 mL of 

1% FBS in PBS and fixed with 200 µL paraformaldehyde for analysis on the next day. 

Unstained cells were used to gate the lymphocyte population based on FSC and SSC. 

Singly stained cells were used to optimize compensation. The samples were acquired 

through four channels: PE, FITC, APC, and PerCP for a total of 50,000 events. The 

CD4+ T cell count was determined by number of CD45+, CD3+, CD4+ events. 

RT-qPCR. Extracted RNA was quantified using Nanodrop. One microgram of RNA from 

each reaction was used for reverse transcription with random hexamers using the iScript 

cDNA synthesis kit from Bio-Rad (#1708891). One tenth of each reverse transcription 

reaction was used for quantitative real-time PCR with Gag and Nef specific primer sets 

(Gag forward: TCTCGACGCAGGACTCG; Gag reverse: TACTGACGCTCTCGCACC; 

Nef forward: GGCAGCTGTAGATCTTAGCCAC; Nef reverse: 
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TCTACCTTATCTGGCTCAACTGGT) using a Thermo Fisher PowerUp SYBR Green 

system (Catalog No. A25742). 

Western Blot. Four dishes of 293T cells each were used for transfection of 49.5 wildtype 

and 49.5-DASP4 molecular clones. Cells were seeded at density of 7´106 cells per 10 cm 

culture dish in OPTI-MEM with 5% heat-inactivated FBS 24 hours before transfection. 

Transfection was performed with Lipofectamine 3000 kit using 26 µg of plasmids for 

each dish. Culture supernatants were harvested 72 hours post transfection and filtered 

with through .22µm filters to remove cellular debris. The culture supernatants were then 

ultracentrifuged at 100,000´g for 2 hours at 4ºC. Pallets were collected and stored at -

80ºC until analysis. To prepare samples for Western Blot, the pellets were lysed on ice 

with 200 µL ice-cold RIPA buffer (50mM Tris-HCl, pH 8.0, 150mM NaCl, 1% Nonidet 

P-40 or 0.1% Triton X-100 and 0.5% sodium deoxycholate, 1mM NaF) with protease  

inhibitor cocktail (ROCHE) for 30 minutes with mixing. Then, the lysed samples were 

spun at 16,000´g for 20 minutes in a pre-cooled benchtop centrifuge. Supernatants were 

carefully collected and kept on ice. 5-10 µL was used for quantification of protein 

concentration by a Nanodrop. 50-80 µg protein equivalent of each lysate was treated with 

appropriate amount of 4x Laemmli buffer (8% SDS, 20% 2-mercaptoethanol, 40% 

glycerol, 0.008% bromophenol blue, 0.25M Tris-HCl, pH adjusted to 6.8) with 500mM 

DTT, and boiled for 10 minutes. For gel electrophoresis, equal amount of protein from 

two samples was loaded into wells of a 4-20% gradient mini format (8.6 ´ 6.7cm) SDS-

PAGE gel along with molecular weight markers. The gel was run at 225V for 35 minutes 

in running buffer (25 mM Tris, 190 mM, 0.1% SDS) and then let sit in transfer buffer (25 

mM Tris, 190mM glycine, 20% methanol) for 30 minutes. The PVDF membrane was 
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treated with 100% methanol for polarization. The transfer cassette was assembled and 

placed in the tank filled with transfer buffer on ice. Protein transfer was carried out 

overnight in a 4ºC cold-room with 10mA constant current. The blot was incubated with 

100% acetone at 0ºC then 50ºC for 30 minutes each, followed by 3 minutes in 100% 

methanol. After several rinses with TBS (Tris-buffered saline, 20mM Tris, pH 7.5, 150 

mM NaCl), the blot was rinsed with water and stained with Ponceau S solution (0.2% 

W/V Ponceau S with 5% glacial acetic acid) to check quality of protein transfer. Ponceau 

S staining was washed off with TBST (TBS with 0.1% Tween-20) and blocked with 5% 

skimmed milk in TBST at room temperature for one hour. The blot was incubated 

overnight at 4ºC with HRP-conjugated antibodies (anti-gp120, Invitrogen #PA1-73097; 

anti-p24, Invitrogen #PA1-73094) diluted 1:200 with 5% skimmed milk in TBST, and 

then rinsed twice with TBS. For analysis, the blot was treated with the chemiluminescent 

substrate and imaged for signal strength. 
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RESULTS 

I. ASP-KD/KO HIV-1 strains demonstrate decreased replication after infection of 

primary CD4+ T cells compared to their wildtype counterparts. 

To assess the effect of lacking ASP on HIV-1 replication, we generated ASP-

knockout/knockdown (KO/KD) strains derived from replication-competent HIV-1 

molecular clones NL4-3, JRCSF, and 49.5. Of these, NL4-3 is CXCR4-tropic, and both 

JRCSF and 49.5 are CCR5-tropic. Since deletion of the ASP ORF is not possible because 

it overlaps the env gene, we introduced single-nucleotide substitutions that altered the 

start codon or inserted early stop codons at positions 12, 24 and 67 of the ASP ORF. All 

these substitutions result in synonymous mutations in the env gene on the positive strand, 

so there are no changes to the amino acid sequence of Env. However, due to restriction of 

synonymity on the positive strand, we were only able to use ATG → ATT (Met → Ile) 

substitution to mutate the start codon, and TGC → TGA (Cys → stop) substitutions to 

introduce premature stop codons. This constraint led to some problems. Indeed, studies 

have shown that AUU can also, though inefficiently, initiate translation in some viruses 

(Fütterer et al., 1996; Nivinskas et al., 1992). Furthermore, viruses are also known to 

adopt several readthrough mechanisms to ignore UGA as a stop codon for differential 

protein expression from the same coding sequence (Beier & Grimm, 2001; Namy & 

Rousset, 2010). As a result, single substitutions may not be sufficient to completely 

knockout ASP production. Therefore, we generated viral strains with combinations of 

multiple substitutions for each of the three HIV-1 clones (Figure 2) to keep expression of 

full-length ASP as low as possible, hence the annotation knockout/knockdown. 
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Figure 2. Schematic of ASP KO/KD HIV-1 strains derived from three different 
molecular clones. NL4-3-derived strains: ASPATT has ATG → ATT mutation at start 
codon; the others have TGC → TGA mutations that introduce premature stop codons 
(ASPSTOP1 at codon 12, ASPSTOP2 at codon 24, ASPSTOP3 at codon 67, 
ASPSTOP12 at both codon 12 and codon 24). JRCSF-derived strains: DASP1, DASP2, 
DASP4, and DASP2B all have ATG → ATT mutation at start codon; DASP2, DASP4, 
and DASP2B also have TGC to TGA mutations (DASP2 at codon 12, DASP4 at codon 
12, 24, 67, DASP2B at codon 67); DASP1B only has TGC → TGA mutation at codon 
67. 49.5-derived strains: all have ATG → ATT mutation at start codon; additionally, 
DASP2 has TGC → TGA mutation at codon 12, DASP3 has TGC → TGA mutations at 
codon 12 and 24, DASP4 has TGC → TGA mutations at codon 12, 24 and 67. 
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Wildtype and ASP KO/KD HIV-1s were produced by transfecting 293T cells 

with the molecular clones and harvesting then concentrating the culture supernatant. The 

viruses were titrated by p24 ELISA. Equal amounts of p24 for each viral stock were used 

to infect CD4+ T cells from healthy donors following 72-hr cell activation by CD3/CD28 

stimulation. The cell culture was passaged three times (Day 3/7/10 or Day 4/7/11) after 

infection (Day 0) and supernatant was collected at each passage for quantification of p24 

as an indicator of viral replication. Infections were performed in biological duplicates. 

For each HIV-1 strain, infection was performed with CD4+ T cells isolated from at least 

two different healthy donors to account for inter-person variability. Culture supernatant 

p24 levels were analyzed with two-way ANOVA tests, and the results are plotted in 

Figure 3. 

Overall, most of the ASP KO/KD strains showed reduced rates of replication 

compared their wildtype counterparts, which was evident in all three HIV-1 backgrounds. 

Also, the effect tended to be greater with increasing number of mutations, as we saw the 

most significant difference in DASP4 (D4) of 49.5 and JRCSF, as well as in STOP12 

(S12) of NL4-3. Such accumulation of difference might be due to the readthrough 

mechanism of the TGA stop codons and the ability of ATT to serve as an alternative start 

codon, as discussed above. With more mutations, there is expected to be less ASP 

expression, and concurrently reduced viral replication, suggesting that ASP expression 

may promote HIV-1 replication at some step of the virus life cycle. 

However, one caveat of this approach is that the 5’ end of the ASP ORF (where 

most of the substitutions were made), overlaps with the Rev Response Element (RRE) 

within the Env coding region. RRE is a highly structured, cis-acting RNA element that 
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Figure 3. ASP KO/KD HIV-1 strains display decreased replication capabilities 
during in vitro infection of primary CD4+ T cells. PBMCs were isolated from healthy 
donors by Ficoll gradient centrifugation. Primary CD4+ T cells were enriched by 
negative selection. Cell purity was ~95% as assessed by flow cytometry. Infection was 
performed by spinoculation. Twenty nanograms p24 equivalent of each virus was used to 
infect 1 million primary CD4+ T cells. Infection with 49.5 and JRCSF strains was 
performed three times with cells from three different donors. Infection with NL4-3 strains 
was performed twice with cells from two different donors. Data are plotted as the p24 
concentration in culture supernatant at three time points after infection. Statistical 
analyses were done with 2-way ANOVA tests (* = p < 0.05; ** = p < 0.01; *** = p < 
0.001; **** = p < 0.0001). Error bars represent standard deviation of biological 
duplicates. 
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forms an oligomeric complex with HIV-1 Rev protein (Fernandes et al., 2012). Together, 

the RRE-Rev complex mediates nuclear exportation of unspliced and partially spliced 

HIV-1 mRNAs. Thus, RRE is indispensable for HIV-1 replication. Considering that RRE 

is highly conserved across HIV-1 strains, it is possible that single nucleotide alterations in 

this region, like mutations introduced to the ASP mutants, affected the functional 

structure of RRE, impairing exportation of viral transcripts and contributing to difference 

in viral replication. 

To address this potentially confounding factor, we used two approaches. First, we 

generated ASP KO/DO strains with nucleotide substitutions outside the region 

overlapping with RRE on the sense strand. Specifically, NL4-3-STOP3 (S3) and JRCSF-

DASP1B (D1B) both have a TGC → TGA substitution that introduces a single early stop 

codon at position 67 of the ASP ORF, which does not overlap with RRE on the positive 

strand. Thus, infection performed with these two mutants can be interpreted without the 

concern of RRE disruption. As shown in Figure 3, the differences in viral replication 

between these two mutant strains and the corresponding wildtype HIV-1 strains (Panel B. 

JRCSF-WT vs JRCSF-D1B; Panel C. NL4-3-WT vs NL4-3-S3) were much smaller than 

those observed with other ASP KO/KD strains and were not observed consistently at all 

time points. There are two non-mutually exclusive explanations for this result. The first is 

that the decrease in viral replication we saw in the case of ASP KO/KD strains with 

substitutions in the region of the ORF overlapping RRE was, at least in part, the result of 

RRE malfunction. The second is that ASP expression was not completely knocked out in 

these two mutants, either because they had only one leaky null mutation, or because they 
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reverted to wildtype genotype since HIV-1 has a highly error-prone reverse transcriptase 

(Roberts et al., 1988). 

Based on this uncertainty, we turned to another approach to test if the function of 

RRE was affected in viral strains with mutations overlapping with RRE, by assessing if 

the nuclear exportation of unspliced HIV-1 the RNA is impaired in those strains. These 

transcripts should not be exported to the cytoplasm and should accumulate in the nucleus 

if RRE was not working properly (Schwartz et al., 1992). Briefly, 293T cells were co-

transfected with pMAX-GFP and pYK-JRCSF plasmids, and GFP-positive cells were 

sorted to enrich cells that were successfully transfected. Sorted cells were lysed, and 

RNA was isolated from the nuclear and cytoplasmic fractions (Thermo Fisher, Cat. No. 

AM1921).  Reverse transcription was performed with random priming, and qPCR was 

performed with HPRT- and Gag-specific primers. HPRT is a housekeeping gene, and its 

mRNA is known to localize primarily in the cytoplasm (Didiot et al., 2018). It was used 

here as a positive control for proper nuclear and cytoplasmic fractionation. Cytoplasmic 

versus nuclear RNA from lysate of 293T cells transfected with wildtype or mutant 

JRCSF (DASP1, DASP2, DASP4) plasmids is plotted in Figure 4 as percentage of total 

RNA. As shown in Panel B, Gag RNA was present at comparable levels in the cytoplasm 

293T cells transfected with wildtype JRCSF or ASP KO/KD molecular clones, indicating 

that nuclear exportation of HIV-1 RNA was not affected. 

To further confirm normal RRE function in HIV-1 ASP KO/KD strains, we tested 

expression of proteins translated either from partially spliced mRNA (gp120) or from 

unspliced mRNA (p24) in wildtype HIV-1 49.5 and 49.5-DASP4 viral particles, the ASP 

KO/KD strain with the most substitutions, by Western Blot. Briefly, viruses were 
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produced by transfection, and pelleted by ultracentrifugation. The pellets were lysed for 

Western Blot using anti-gp120 and anti-p24 antibodies. As shown in Figure 4 Panel C 

and D, neither gp120 nor p24 expression was affected, as proved by the presence of 

bands of similar intensity at the corresponding molecular weight (gp120 ~127kDa, p24 ~ 

24kDa), on the blots bearing protein from 49.5-wildtype lysate and 49.5 DASP4 lysate. 

49.5-DASP4 has 3 single-nucleotide substitutions within and 1 outside the RRE-

overlapping region, which include all of the single-nucleotide substitutions we induced to 

generate the ASP KO/KD strains. Given that expression of gp120 and p24 requires 

nuclear exportation of their unspliced or partially spliced mRNAs, we conclude that RRE 

function is preserved in the HIV-1 ASP KO/KD strains, since they all share, ranging from 

one to all four of, the same nucleotide substitutions present in 49.5-DASP4. 

These two experiments confirmed the normal functioning of RRE in the HIV-1 

ASP KO/KD strains, ruling out one of the confounding factors in our reasoning that 

deficient ASP expression leads to decreased viral replication and support this hypothesis. 

II. The JRCSF-derived ASP KO/KD strain DASP4 displayed decreased in vivo 

replication in a humanized NSG mouse model. 

Next, we tested whether ASP KO/KD strains display reduced replication in an in 

vivo model of HIV-1 infection. For these studies, we used nonobese diabetic (NOD), 

severe combined immunodeficient (SCID), interleukin-2 receptor gamma chain null 

(NSG) mice. These mice lack mature lymphocytes and natural killer cells, as well as 

many components of innate immunity (Shultz et al., 2005), which makes them permissive 

towards engraftment by a variety of primary human cells, including PBMCs. Since there 

can be significant variability in engraftment capacity and susceptibility to infection with  
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Figure 4. Nuclear exportation of HIV-1 unspliced RNA is not affected in ASP 
KO/KD strains. (Panel A&B) Co-transfection of 293T cells with GFP plasmid and 
JRCSF wildtype or mutant plasmid was performed in 10 cm culture dishes. Cells were 
harvested 48 hours post transfection, GFP-positive cells were sorted and then lysed to 
isolate RNA from nuclear and cytoplasmic fractions. RT was performed using random 
priming, and qPCR was performed probing for host HPRT RNA and HIV-1 Gag RNA. 
Percentage of nuclear and cytoplasmic RNA was calculated relative to the total amount 
of cellular RNA. Error bars represent standard deviation of qPCR duplicates. Panel (C& 
D) 49.5 wildtype and DASP4 virus pellets were produced by transfection of 293T cells 
with their molecular clones and ultracentrifugation of the transfection supernatants after 
72 hours. Western Blot was performed using anti-gp120 and anti-p24. Molecular weight 
of a gp120 monomer is ~127kDa. Molecular weight of p24 is ~24kDa. 
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cells isolated from different healthy donors, we performed pilot experiments to determine 

an optimal level of engraftment and an optimal viral inoculum. 

With four experiments using cells from four different donors, we tested virus 

doses ranging from 150 ng to 0.5 pg p24 equivalent of wildtype JRCSF per mouse for 

infection and found that 50 pg was the lowest dose that was able to infect almost all of 

the mice. We tried to use as little virus as possible to avoid mortality caused by viral 

replication. Then, based on the different levels of reconstitution we obtained with PBMCs 

from these four donors, we determined that the CD4+ T cell count needed to exceed 300 

per 50,000 cells at 2 weeks post engraftment, in order for the number of mice 

successfully infected by a 50 pg virus inoculum to be maximized without significant 

mortality due to graft versus host disease (GVHD) that developed over time. Thus, we set 

a CD4 cell count of 400 per 50,000 cells at week 2 to be the minimal reconstitution 

standard. After that, we isolated PBMCs from three additional donors and tested their 

engraftment capabilities in 3 mice each. The donor that gave an average of ~5,000 CD4 

count per 50,000 cells was chosen. 

Once the titration experiments were done, we proceeded with the experiment to 

assess replication of wildtype vs. ASP-deficient (DASP1, DASP2, and DASP4) JRCSF 

strains. We first injected 10 million PBMCs from the donor mentioned above in 34 NSG 

mice. After 2 weeks, 33 of 34 mice showed >400 CD3+CD4+ cells per 50,000 cells 

(Table 1). The one mouse (No. 437) not successfully reconstituted was excluded from the 

experiment. The 33 mice were randomly assigned to four groups: 3 groups of 8 mice each 

to be infected with WT, DASP1 and DASP2, and 1 group of 9 mice to be infected with 

DASP4. At eighteen days post-engraftment, each mouse was infected with 50 pg of virus.  
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Table 1. PBMC reconstitution status of NSG mice at 2 weeks post engraftment and 
plasma viral titers at weeks 1 and 2 post virus challenge. Reconstitution was assessed 
by of number of CD3+CD4+CD19+ cells (CD4 cell count) per 50,000 cells. Viral titers 
were measured by RT-qPCR at weeks 1 and 2 post infection. (< means non-detectable 
level of HIV-1 RNA is the plasma sample; * means found dead before bleeding). 

Virus group Mouse No. CD4 cell count 
(per 50,000 cells) 

# Plasma HIV RNA copies 
(per mL of blood) 

Week 1 Week 2 

WT 

431 1366 2.18E+07 3.15E+12 
432 1714 < * 
433 17104 4.00E+07 * 
434 1705 6.75E+07 2.25E+11 
455 1256 2.50E+07 1.64E+11 
456 764 1.60E+07 4.38E+10 
457 1565 1.35E+06 4.53E+10 
458 797 3.75E+05 9.23E+09 

D1 

435 3450 2.88E+08 5.50E+10 
436 1041 1.13E+08 2.50E+12 
438 1811 6.25E+06 5.08E+12 
439 416 2.10E+08 1.48E+11 
459 1652 7.75E+07 3.75E+11 
460 648 < < 
461 1609 8.00E+04 9.00E+05 
462 476 4.00E+07 3.58E+09 

D2 

440 1620 1.33E+05 1.54E+10 
450 2163 1.48E+07 1.39E+12 
451 3497 9.25E+04 1.18E+11 
452 1131 1.50E+06 1.04E+11 
453 418 < 1.13E+05 
454 852 7.00E+05 1.56E+10 
463 855 3.63E+03 1.29E+12 
464 2197 3.80E+06 8.40E+10 

D4 

441 568 2.35E+03 1.73E+06 
442 1789 < 4.48E+04 
443 2220 8.45E+03 * 
444 741 2.21E+04 7.63E+06 
445 1531 1.40E+03 5.30E+06 
446 1449 7.50E+04 6.05E+07 
447 1405 4.00E+04 6.80E+07 
448 563 4.00E+04 1.16E+08 
449 914 1.06E+04 9.90E+07 
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Blood was collected at weeks 1, 2 and 5 post infection. RNA was extracted from 

the blood and RT-qPCR analysis was performed in parallel with an HIV-1 RNA 

quantification standard. Viral titer is represented as number of copies of HIV-1 RNA per 

milliliter of blood after log transformation in Figure 5. Only week 1 and week 2 post 

infection data are shown, since 19 out of 33 mice died before week 5. 

Despite high within-group variation, there was a significant decrease in viral 

replication of JRCSF D4 compared to WT, both at week 1 and at week 2 post virus 

challenge, with on average a 1,000-fold difference in virus titer. However, there was no 

significant difference for D1 or D2 compared to WT, unlike what had been observed in 

vitro. This disparity could be attributed to a few factors. One is the high inter-mouse 

variability in each group. Mice could have a CD4 cell count as high as 17,000 and as low 

as 500 per 50,000 cells at the time of infection. Also, the virus titer varied by as much as 

106-fold between mice in the same group. Given the small sample size, it is likely that 

variation due to chance could account for the lack of statistical significance. Another 

possible explanation is that in a mouse experiment, viruses undergo many more rounds of 

replication than in an in vitro experiment. Thus, there was a higher possibility of 

reversion to wildtype. Since D1 and D2 have fewer mutations than D4, they were more 

likely to have been back mutated. Sequencing of the ASP ORF in viruses recovered from 

peripheral blood of infected mice is currently underway to determine whether reversion 

to wildtype sequence has occurred and, if so, with what frequency.  

Overall, these results in part recapitulate what we observed in vitro, and they 

support the hypothesis that ASP plays a facilitating role at some point in the HIV-1 life 

cycle.  
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Figure 5. JRCSF-DASP4 shows decreased replication in a humanized mouse model. 
Adult NSG mice were engrafted intraperitoneally with 107 PBMCs from the same healthy 
donor. 1 out of 34 mice was not reconstituted (CD4+ cell count < 400 per 50,000 cells) at 
14 days post engraftment and was excluded. The remaining 33 mice were randomly 
assigned into 4 groups (WT, D1, D2, D4, corresponding to the virus they were infected 
with). D4 had 9 mice, and WT, D1, and D2 had 8 mice each. Mice were injected 
intraperitoneally with 50 pg JRCSF wildtype or mutant virus based on their group 
assignment on day 18 post engraftment. 70 µL blood was collected at week 1, week 2 and 
week 5 (not shown) post infection by retro-orbital bleeding. Number of plasma HIV RNA 
copies was quantified by RT-qPCR using a standard with known HIV RNA copy 
number. Data are presented as number of HIV-1 RNA copies per 1 mL blood after log 
transformation. Each dot in the plot represents a mouse that was alive at the time of 
bleeding. The horizontal line in each group represents the group median. Data were log 
transformed to approximate a normal distribution within each group before statistical 
analysis with 2-way ANOVA tests (* = p < 0.05; ** = p < 0.01). 
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III. ASP localizes on the surface of infectious virions. 

Previous work by our lab showed that ASP is present on the surface of chronically 

infected cells treated with PMA, as well as on the surface of acutely infected primary 

CD4+ T cells and MDMs (Affram et al., 2019). In the same published study, our 

colleagues also hypothesized ASP to be an integral part of HIV-1 viral envelope, based 

on two lines of evidence: the ability of fluorescently labeled anti-ASP (324.6) to bind to 

HIV-1 virions as assessed by fluorescence correlation spectroscopy (FCS), and the ability 

of the unlabeled anti-ASP antibody to pull down virions in the culture supernatant of 

U1C8 cells (a chronically HIV-1-infected cell line) followed by detection of HIV-1 viral 

RNA by RT-qPCR (virion capture assay, VCA). However, one limitation of these 

experiments is that they could not rule out the presence of ASP on the surface of 

extracellular vesicles (EVs) containing HIV-1 RNA sequences. Indeed, EVs are known to 

carry cell-specific cargo (Zhang et al., 2019), which means HIV-1 RNA as part of 

cellular constituents can also be incorporated into EVs. They also carry part of the plasma 

membrane of the cells from which they are released, so EVs from HIV-1-infected cells 

can also contain ASP as a surface molecule. Since the VCA captures particles by 

antibody binding to surface molecules, it is possible that – rather than infectious viruses – 

324.6 pulled down EVs, which can also give positive results in RT-qPCR due to their 

viral RNA content (Narayanan et al., 2013). Thus, the virion capture assay (VCA), in its 

simple form is not sufficient to prove that ASP is embedded in the envelope of infectious 

viral particles. To provide more evidence to support the hypothesis, I modified the 

experiment in two ways, as follows. 

i. VCA with fractions prepared by differential centrifugation 
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For these experiments, we harvested cell-free culture supernatant of two 

chronically infected cell lines, U1 or J1.1, and we fractionated the supernatant by 

centrifugation at different speed, which can separate sub-cellular particles based on 

sedimentation rate, corresponding to size and density. Specifically, culture supernatants 

were first centrifuged at 10,000´g for 3 hours. The pellet was collected and resuspended 

in 30 µl of PBS, and the supernatant was further centrifuged at 100,000´g for 3 hours. 

The pellet was again collected and resuspended in 30 µl of PBS, and the supernatant was 

then centrifuged at 167,000´g for 3 hours. The pellet was once again collected and 

resuspended in 30 µl of PBS, and the supernatant was finally centrifuged at 167,000´g 

for 18 hours. The final pellet was also resuspended in 30 µl of PBS. Then, we used 

magnetic dynabeads conjugated to either 324.6 or IgG isotype control to pull down 

particles present in each of the 4 pellets. The bead-antibody-virion conjugate was 

subjected to viral lysis buffer, and RNA was extracted. RT was performed with random 

priming, and qPCR was carried out using both Gag- and Nef-specific primer sets. Results 

are plotted in Figure 6. 

The most significant finding of this experiment was that the greatest enrichment 

of Gag RNA and Nef RNA in 324.6- versus IgG- captured samples was seen in the same 

fraction among those obtained from the same culture supernatant (167,000´g /3hrs 

fraction for U1 and 100,000´g fraction for J1.1). Since Gag and Nef are located at the 

opposite ends of the HIV-1 genome, the possibility that they are both incorporated into 

the same exosomes is greatly reduced, as EVs are generally found to contain shorter HIV 

RNA sequences such as miRNAs (Bellingham et al., 2012; Madison et al., 2014; Nolte-'t 

Hoen et al., 2012; Vojtech et al., 2014). Although one study did identify EVs associated 
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Figure 6. RNA molecules containing HIV-1 Gag and Nef sequences are enriched in 
the same fractions recovered by differential centrifugation. Culture supernatants of 
unstimulated U1 and J1.1 cells were collected and fractioned by ultracentrifugation at 
various g-force. After each spin, the supernatant is passed on to the next spin with 
increased centrifugation force, and the pellet is resuspended in 30 µL of PBS, which was 
split equally for VCA with 324.6 and IgG. RNA was extracted and reverse transcribed 
with random priming. qPCR was performed with Gag and Nef specific primers using 
Thermo Fisher SYBR Green system. Data is presented as the ratio of Gag or Nef RNA 
captured by 324.6 to that captured by IgG after a log2 transformation. 
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with unspliced HIV-1 genomic RNA, the amount of full-length RNA even in the most 

enriched density fraction is still much less compared to HIV-1 virions (Columba Cabezas 

& Federico, 2013). Admittedly, the size of EVs is theoretically similar to that of HIV-1 

virions (100-120 nm in diameter) (Chen et al., 2021). However, EVs are more 

heterogeneous in size (varying from 30nm to 150nm in diameter). Thus, even though 

there is a slight chance that Gag sequences and Nef sequences can get incorporated into 

the same EVs, those EVs are expected to be dispersed across factions. 

By contrast, HIV-1 virions are expected to be found in fractions recovered at 

100,000´g and above (Konadu et al., 2016). The smaller enrichment seen in the 10,000´g 

fractions might be due to residual cells or large cell fragments in the sample, which are 

expected to contain both Gag and Nef RNA. The negative enrichment seen in the 100K 

fraction of U1 and in the 167K fractions of J1.1 may be due to non-specific capture of 

EVs by IgG, as they contain a variety of cell surface molecules. 

Taking into consideration both factors, it is likely that the fraction with most 

enrichment contains infectious HIV-1 virions. To confirm this, I further modified the 

VCA to directly prove the infectivity of the particles captured by the 324.6 antibody. 

ii. Infectivity of VCA eluates captured by anti-ASP antibody. 

Another modification I did with the experiment was to confirm the infectivity of 

captured virions by using VCA eluates to infect RevCEM-D4 cells, a highly sensitive 

indicator cell line that expresses GFP upon exposure to HIV-1 Rev. As mentioned above, 

there remained the possibility that full-length HIV-1 genomic RNA is present in EVs or 

that Gag and Nef sequences are incorporated into the same EVs, which prevents us from 
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drawing definitive conclusions with the previous experiment. To address these concerns, 

I sought to prove that the particles captured by 324.6 are infectious, based on the 

knowledge that EVs containing HIV RNA are not (Madison & Okeoma, 2015). I tested 

multiple means to elute captured particles from the dynabeads, including 5M LiCl, 0.1M 

Glycine-HCl (pH ~ 2-2.5), and 3M MgCl2. LiCl-treated eluate caused cell death when 

added to RevCEM-D4 for infection, while Glycine-HCl abrogated viral infectivity. 3M 

MgCl2 buffer was effective at dissociating the VCA conjugates and did not cause 

significant cell death when added to the cells after being diluted 10-fold in PBS. Due to 

the small amount of input virus used to perform the VCA and incomplete elution, we 

chose HIV-1 49.5 produced by transfection of 293T cells as input sample of this 

experiment for its perfectly matched epitope to our 324.6 anti-ASP antibody, to make 

sure enough particles could be eluted for infection. VCA was performed with 324.6, IgG 

as negative control, and 2G12, a gp120 antibody, as positive control. VCA eluates were 

split for both RNA extraction followed by RT-qPCR and for RevCEM-D4 infection. In 

addition to quantification of viral RNA, the amount of infectious HIV-1 particles 

captured was also assessed by flow cytometry detection of GFP expression in RevCEM-

D4 at day 3 and day 6 post infection. Untreated HIV-1 49.5 and HIV-1 49.5 treated by 

3M MgCl2 were also included to assess whether MgCl2 treatment abrogates viral 

infectivity or causes excessive cell death. The experiment was repeated three times with 

similar results. Representative data are shown in Figure 7. Although there was variability 

in the relative number of GFP+ cells between infection with 2G12-VCA eluate and that 

with 324.6-VCA eluate, both samples had more GFP+ positive cells than infection with 

IgG-VCA eluate in all three experiments.  
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GFP expression at day 3 for VCA eluates was low, which could be explained by 

the small amount of virus after capture and elution. However, for 324.6- and 2G12-VCA 

eluates, there were a few high-GFP signal cells present, while none was visible among 

IgG-VCA eluate infected RevCEM-D4 cells. The difference became more obvious at day 

6, where there was a clear expression of GFP in cells infected with 324.6- and 2G12-

VCA eluates, while GFP expression remained low in those infected by IgG-VCA eluate. 

A similar pattern was observed at the RNA level: as also shown in Figure 7, both Gag 

and Nef RNA were detected to be several-fold higher in 324.6- and 2G12-VCA eluates 

compared to IgG-VCA eluate. Interestingly, in this experiment, although 2G12-VCA 

eluate contains more viral RNA, it seems to have infected fewer cells than 324.6-VCA 

eluate, as indicated by the weaker GFP signal. The disparity may be attributed to the fact 

that 2G12 is a neutralizing antibody capable of inhibiting viral entry (Platt et al., 2012), 

resulting in fewer cells infected. Another possible explanation is that 324.6 was able to 

capture more infectious HIV-1 particles than 2G12, suggesting that 324.6 is expressed 

more exclusively on functional, infectious virions. However, since the difference between 

infection with 2G12-and 324.6-VCA eluates was not reproducible in the other two 

repeats of this experiment, this cannot be proven.  

To summarize, these data suggest that the 324.6 anti-ASP monoclonal antibody 

captures infectious HIV-1 viral particles, supporting the claim that ASP is a protein 

expressed on the viral envelope.  
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Figure 7. Anti-ASP antibody capture infectious HIV-1 viral particles. (Panel A.) Day 
3 and day 6 flow cytometry analysis of GFP expression after RevCEM-D4 infection with, 
from left to right: no virus; 5 ng p24 of HIV-1 49.5 only; 5 ng p24 of HIV-1 49.5 treated 
with 30 µL of 3M MgCl2; eluate from VCA with IgG; eluate from VCA with 2G12; 
eluate from VCA with 324.6. Gating was based on uninfected cells. (Panel B.) Relative 
amount of Gag/Nef RNA in VCA eluates quantified by RT-qPCR, presented as 
percentage of Gag/Nef RNA extracted from 20 ng input virus. 

 

 

A.  B.  
+ MgCl2 
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DISCUSSION 

Understanding the role of the HIV-1 antisense protein ASP remains challenging 

due to the lack of a comparable homolog and limited number of published studies. The 

studies reported in this thesis demonstrate for the first time that ASP does play a role in 

viral replication, with both in vitro and in vivo evidence showing reduced viral replication 

when mutations were introduced in the ASP ORF that reduce ASP expression. Further, 

the experiments described in this thesis provide more solid evidence that ASP is a 

component of HIV-1 particles that is expressed on the viral envelope, by confirming that 

infectious viral particles can be captured with an anti-ASP antibody. 

However, this thesis has a few limitations. First of all, some of the experiments 

were not performed enough times to support statistically well-grounded conclusions, such 

as the nuclear versus cytoplasmic RNA experiment, the fraction-VCA experiment, and 

the in vivo infection experiment. The Western Blot analysis of viral protein expression 

from partially spliced and unspliced mRNA can also be repeated with wildtype and ASP 

KO/KD strains from a different HIV-1 background. 

The nuclear versus cytoplasmic Gag RNA experiment was performed with 

transfected 293T cells due to the large number of HIV-1 positive cells needed after 

sorting, which inevitably resulted in decreased generalizability. This experiment can be 

repeated with a lymphocyte cell line or primary CD4+ T cells that would be more 

representative of in vivo infection conditions. Also, JRCSF-D1B should be included to 

determine whether the RRE function is indeed unaffected as we expected. 
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Additional in vivo infections of humanized NSG mice are currently underway. 

Actually, the experiment was performed more than once. However, due to great mortality 

from GVHD and high intra-group variability, the data were not interpretable. As an 

attempt to address these issues, we are extending our studies to a new triple knock out 

(TKO) mouse strain (Jackson Laboratories, RRID: IMSR_JAX:025730) that is deficient 

in Rag1, CD47 and the IL-2 receptor common gamma chain. TKO mice were found to be 

more resistant to development of GVHD (Holguin et al., 2022), which would reduce the 

number of mice that die during the experiment, allowing us to track viral replication over 

a longer period. 

Another limitation is that we did not sequence the viruses in the culture 

supernatants of CD4+ T cells or in the plasma of mice infected with WT and ASP-

deficient strains. Thus, we cannot know if there was reversion of the mutations in the 

ASP ORF of those KO/KD strains. Neither can we know whether the observed difference 

in viral replication was due to the emergence of unexpected mutations. Although we 

performed Western Blot and intracellular flow cytometry staining with the anti-ASP 

324.6 antibody, trying to compare ASP expression levels in cells infected with the 

wildtype versus ASP-deficient strains of HIV-1, we failed to detect ASP due to the low 

frequency of infected cells and the low levels of ASP expression even in cells infected 

with wildtype clones, which is in line with what our group reported previously (Affram et 

al., 2019).  

Although the exact mechanism by which ASP affects viral replication is not 

explored in this thesis, the results presented here combined with previous findings that 

ASP is also present on the surface of actively infected cells may be hinting at the 
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potential mechanisms underlying ASP’s facilitation of HIV-1 replication. One hypothesis 

is that ASP facilitates gp120 interaction with host receptors during HIV-1 entry, based on 

the fact it localizes within close proximity of gp120 on the surface of PMA-stimulated 

HIV-1 chronically infected cells (Affram et al., 2019). Since both CXCR4-tropic HIV-1 

(NL4-3) and CCR5-tropic HIV-1 (JRCSF, 49.5) are subject to decreased replication 

when ASP expression is knocked out or knocked down, ASP may not participate in 

binding to co-receptors. Instead, it may be involved in binding of gp120 to CD4, which is 

a shared mechanism between HIV-1 viruses despite their varied preference for the 

CXCR4 or CCR5 co-receptor. Another hypothesis would be that ASP can bind to a 

cellular surface receptor thus facilitating viral entry or triggering intracellular signal 

transduction pathways. The latter could occur both with ASP embedded in the viral 

envelope and with ASP on the plasma membrane of infected cells. A potential 

downstream effect might be that by signaling through surface receptors, ASP primes the 

cellular conditions to be skewed toward a pro-survival environment. Infection by some 

viruses, including HIV-1, induces the expression of Fas ligand on the cellular surface and 

leads to pro-apoptotic signaling (Benedict et al., 2003; Xu et al., 1999). However, several 

viruses counteract this action by either antagonizing death receptor signaling or activating 

pro-survival signaling pathways (Benedict et al., 2003). It is possible that ASP can act 

through either of the two mechanisms to maintain a healthy status in both infected and 

uninfected cells to facilitate HIV-1 replication. 

For future research, we plan to repeat the in vitro infection experiments with cells 

from more donors as well as more virus batches to confirm the findings. We have also 

started experiments to assess whether nucleotide substitutions in the ASP ORF revert to 
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the wildtype sequence during viral replication in vitro. In these experiments, we serially 

passage the wildtype and ASP KO/KD strains in PM1 cells (a CCR5+ CXCR4+ CD4+ T 

cell line) and periodically sequence the ASP ORF in viral genomes collected in the 

culture supernatants. Spontaneous reversion to wildtype sequence would be another 

indicator that ASP expression provides a selective advantage to the virus. Similar 

analysis will also be performed with viruses present in plasma of infected mice, where 

viruses undergo much more replication cycles compared to in vitro experiments. 

Additionally, we plan to perform infections of monocyte-derived macrophages with 

wildtype and ASP KO/KD strains to determine whether the effects observed in CD4+ T 

cells can be extended to myeloid cells.  

Finally, we plan to test the two hypothesized mechanisms of ASP action. To 

examine if ASP has a role in viral entry, we will test if there is a difference in the amount 

of intracellular viral RNA following a single round of infection by wildtype or ASP 

mutants, achieved by treatment with reverse-transcriptase inhibitors. This question can 

also be addressed using an enzyme-based virus fusion assay developed by Cavrois and 

colleagues (Cavrois et al., 2002). To examine if ASP binds to any cellular surface 

receptor, we will generate a chimeric protein containing the extracellular loop of ASP, 

which we will use to screen a library of cellular membrane-associated receptors. 

In summary, this thesis shows that the HIV-1 antisense protein ASP promotes 

viral replication at an as yet unidentified step of the HIV-1 life cycle. It provides 

preliminary information for future functional studies of this protein. The VCA-CEM 

infection assay developed in this thesis could be used to test the presence of ASP in 
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clinical samples, which will provide additional insight into the role of ASP during HIV-1 

clinical pathogenesis. 
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