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ABSTRACT 

 

The human immunodeficiency virus type 1 (HIV-1) Matrix (MA) protein, a 

component of the major structural protein Gag, has been shown to play a role in both the 

early stages and late stages of the viral life cycle. Functional domains within the MA 

protein have been identified through numerous mutagenesis studies. In these studies, I 

investigated the effects of deletions in the C-terminal alpha helix of MA. Removal of 

amino acids 96 to 120 (MA96-120) resulted in a loss of particle release. Moreover, 

MA96-120 trans-dominantly inhibited wild type particle release in co-transfection 

assays. MA96-120 was found to target properly to membranes in membrane floatation 

assays and to multimerize with wild-type Gag. Electron micrographs revealed the loss of 

release was due to particle retention at the plasma membrane.  Subtilisin treatment failed 

to release virus, indicating the phenotype was not due to a protaceous factor. The 

infectivity of the mutants was measured with HIV or vesicular stomatitis virus VSV 

envelope proteins.  All but one (MA107-120) deletion mutant were non-infectious with 

either envelope. Taken together, these results demonstrate that the C-terminal alpha helix 

of MA, specifically amino acids 96 to 120, is critical for both virus release and the early 

steps of HIV infection.  
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INTRODUCTION 

 

 Human immunodeficiency virus type 1 (HIV-1), the causative agent of acquired 

immune deficiency syndrome (AIDS), is estimated to infect more than 34 million people 

worldwide, with sub-Saharan Africa bearing much of the burden (UNAIDS, 2010). HIV-

1 specifically targets the human immune system infecting CD4+ cells including dendritic 

cells, T-helper cells and macrophages (Freed, 1998). Through a variety of processes, 

these infected CD4+ cells are destroyed, leading to a general deterioration of the immune 

system and eventually the onset of opportunistic infections, which are the ultimate cause 

of death in patients (Grant and De Cock, 2001). Because there is no available vaccine to 

prevent the spread of HIV-1, antiretroviral therapy (ART), which targets the virus at 

various stages of viral replication, is the only viable treatment option. ART is commonly 

prescribed in a formulation which contains at least three of the currently 32 available 

antiretroviral drugs (Olender et al., 2012). Combining drugs that target different essential 

aspects of the HIV-1 lifecycle keeps virus replication within patients to very low levels 

and help to reduce the emergence of drug-resistant mutants (Olender et al., 2012).  

 

1.1 HUMAN IMMUNODEFICIENCY VIRUS TYPE 1 LIFECYCLE 

 HIV-1 belongs to the retroviridae family of enveloped viruses which are encoded 

by a single stranded RNA genome. Characteristic of this family of viruses is the process 

of converting the RNA genome into double stranded viral DNA (vDNA), using the viral 

enzyme reverse transcriptase (RT) and integration into the host cell chromosome (Freed, 

1998). Of the retroviridae family, HIV-1 belongs specifically to the subfamily 
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lentiviridae. Lentiviruses are unique from other retroviruses in that they can infect non-

dividing cells and are characterized by slow onset of disease, for which they are named.  

 The stages of the HIV-1 life cycle can be separated into distinct early events and 

late phases. The early events are defined as those that take place between the docking of a 

mature virus particle on the host cell receptor, CD4, and the integration of the vDNA into 

the host cell chromosome. The late viral events begin with the expression of viral 

transcripts and conclude with the release and maturation of newly assembled particles 

(Brandano and Stevenson, 2011).  

 The start of HIV-1 infection is initiated by the binding of the HIV-1 envelope 

(env) surface unit, gp120, to the target cell receptor, CD4 (Bour, Geleziunas, and 

Wainberg, 1995). Upon binding, the gp120 undergoes conformational change that allows 

for binding of a co-receptor, either CCR5 or CXCR4 (Dean et al., 1996; Endres et al., 

1996). This complex of gp120, CD4 and the co-receptor triggers an additional 

conformational change in the transmembrane portion of Env, gp41, and allows for 

insertion of the gp41 protein into the host cell plasma membrane (Weissenhorn et al., 

1997). This conformational change brings the two membranes into proximity, facilitating 

membrane fusion of the host cell and the virus particle. Upon fusion of the two 

membranes, the viral core enters the cytoplasm of the cell.  

 The steps thereafter are poorly understood, but are collectively referred to as 

“uncoating”, in which the virus core becomes fully or partially released from the capsid 

shell. During or shortly after this process, the (+) stranded RNA genome is converted into 

double stranded DNA by the viral enzyme RT in a large nucleoprotein complex (NPC) 

termed the reverse transcription complex (RTC) (Ambrose et al., 2012). Reverse 
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transcriptase is a unique enzyme in that it possesses three polymerase activities (DNA- 

and RNA-dependent transcription and RNAseH activity) which are all exhibited during 

the conversion of the ssRNA genome to dsDNA (Ben-Artzi et al., 1993). At the end of 

reverse transcription, an assortment of proteins are recruited forming a second NPC, 

termed the pre-integration complex (PIC). Several proteins are known to be components 

of the PIC, including the viral proteins Integrase (IN), Matrix (MA) and Vpr as well as 

the host protein Ku70 (Levin, Loyter, and Bukrinsky, 2011; Zheng et al., 2011). The viral 

enzyme IN catalyzes two reactions (Vink et al., 1991). The first reaction removes two 

nucleotides off of each end of the newly formed vDNA to expose 3’-OH groups. The 

second is catalyzes staggered double stranded breaks in the host cell DNA where the 

vDNA 3’ –OH groups can initiate a nucleophilic attack. Once this reaction occurs, host 

cell machinery repairs the break and ligates the two strands of DNA together, marking 

the completion of the early events of the HIV-1 lifecycle (Farnet and Haseltine, 1990).  

 Retroviruses are unique in that their (+) stranded RNA genome is not used as a 

transcript directly translated by ribosomes but is integrated and transcribed by the host 

cell polymerase RNA Pol II, rather than a viral enzyme. In this context, the viral 

transcripts demand the same prerequisites for transcription and translation as normal host 

cell genes. For instance, a promoter is required in order to recruit the appropriate host cell 

proteins for transcription (located in the unique 5 (U5) region of the long terminal repeat 

(LTR) region), and for transcripts to be exported from the nucleus and translated they 

require a polyadenylation signal (located in the unique 3 (U3) region but only functioning 

in the context of the U5) as well as a cap (provided by the host cell machinery) (Tazi et 

al., 2010).  
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Shortly following integration of the virus into the host DNA, low levels of viral 

transcripts are produced. The viral proteins translated are those which are multiply 

spliced- Tat, Rev and Nef (Figure 1). Tat plays a crucial role in driving viral transcript 

synthesis by binding the transactivation response region (TAR) on the newly formed viral 

RNA (Berkhout, Silverman, and Jeang, 1989). This interaction recruits other cellular 

transcription factors that phosphorylate RNA Pol II. Without Tat, prematurely terminated 

transcripts accumulate in the nucleus, but upon hyperphosphorylation of RNA Pol II 

elongation of viral transcripts is efficiently carried out (Emerman, Vazeux, and Peden, 

1989).  

 The remaining viral transcripts, which are either unspliced or singly spliced 

mRNAs, are exported from the nucleus by means of the viral protein Rev. As the full 9.2 

kbp transcripts are made, multiple Rev proteins bind to a secondary RNA structure 

termed the Rev-response element (RRE), located within the env gene (Maldarelli, Martin, 

and Strebel, 1991). The binding of Rev recruits the cellular RNA export complex, 

exportin 1, which interacts with the nuclear pore complex and facilitates export of the 

unspliced transcripts from the nucleus (Bogerd et al., 1998).  The HIV-1 genome is also 

exported from the nucleus in this manner, but rather than translating the RNA into 

proteins, two copies of the genome are incorporated into virions (Laughrea and Jette, 

1994).  

 New HIV-1 virions are formed by the assembly of viral proteins, budding from 

the host cell, and virus maturation. Assembly is mediated by the structural polyprotein 

Pr55
Gag

, which is translated from the 9.2 kbp transcript (Bhattacharya, Repik, and 

Clapham, 2006). Approximately 5% of the time, the stop codon at the end of the Gag  
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Figure 1. HIV genome and transcript expression. (A) A schematic of the HIV-

1 genome. (B) Diagram depicting the means of expression for HIV-1 transcripts. (I) 

represents the full length genome; (II) represents the singly spliced transcripts; and 

(III) represents the multiply spliced transcripts. 
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protein is readthrough by the ribosome resulting in the production of the 160 kD protein 

Gag-Pol (Freed, 1998). This resultant hybrid protein is one mechanism that redcues the 

availability of the Pol protein, which is not as abundantly needed. The Gag polyprotein 

codes for the Matrix (MA), Capsid (CA), the space protein p1, Nucleocapsid (NC), the 

space protein p2, and p6 proteins. One of the main functions of Gag is to guide the 

genomic RNA to the site of virion assembly (Alfadhli, Still, and Barklis, 2009). This is 

accomplished by the binding of the NC portion of Gag to the encapsidation signal within 

the RNA genome (Laughrea and Jette, 1994). Targeting of the Gag and Gag-Pol to the 

plasma membrane is accomplished through the cotranslational addition of a myristolation 

signal (Bryant and Ratner, 1990; Ono and Freed, 1999). The Gag proteins are then able 

multimerize via interacting domains within CA, resulting in a concave construction of the 

plasma membrane, which facilitates in the budding process of the virion.  The vesicular 

neck which serves as the last connection to the host cell, is severed by the endosomal 

sorting complex required for transport (ESCRT) pathway proteins of the cell (Fujii, 

Hurley, and Freed, 2007). The p6 domain of the Gag polyprotein recruits the cellular 

protein Tsg101 which initiates the ESCRT pathway, recruiting the proteins ALIX, 

ESCRT-I and ESCRT-III which together sever the neck of the newly formed virion from 

the host cell surface (Dussupt et al., 2011; Morita et al., 2011; Stuchell et al., 2004). In 

the final step, the viral enzyme protease (PR, as part of the Gag-Pol polyprotein, cleaves 

itself from Gag-Pol.  PR then sequentially cleaves the other polyproteins, creating a 

rearrangement of the structural Gag proteins. This results in a “mature”, infectious 

particle.  

 



7 

 

 

CHAPTER II: LITERATURE REVIEW 

2.1 MATRIX 

 The HIV-1 Pr55
Gag

 (Gag) protein, which MA comprises the N-terminus, is named 

for its apparent molecular weight and is essential for orchestrating virus assembly 

(Fiorentini et al., 2006). To complete virus assembly, the Gag protein mediates several 

important functions including proper targeting to the plasma membrane for assembly, 

incorporation of the HIV-1 genome into new particles, facilitation of Gag-Gag 

interactions (multimerization) essential for creating rounded particles which can be 

pinched off from the plasma membrane, and recruitment of the ESCRT pathway (Freed, 

1998). During or shortly after budding, Gag is proteolytically cleaved by PR to form a 

mature virion. In mature virions, MA forms a protective shell around the CA core, below 

the plasma membrane envelope (Fiorentini et al., 2006).  The MA protein is comprised of 

132 amino acids and forms the N-terminal subunit of the Gag polyprotein (Fiorentini et 

al., 2006).  NMR and crystallography show that MA contains five alpha helices, the first 

four of which form an N-terminal globular head, and the fifth alpha-helix, located at the 

C-terminus, projects away from the globular head (Massiah et al., 1996).   

 

2.2 MATRIX IN VIRUS ASSEMBLY AND BUDDING 

 Following translation of MA, the leader methionine residue is removed and a 

myristic acid moiety is covalently attached to the N-terminal glycine residue (Fiorentini 

et al., 2006). This myristolation signal (myr) targets the Gag and the Pr160GagPol 

polyproteins to the plasma membrane, where a highly basic region within the MA N-
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terminal globular head interacts with the negatively charged plasma membrane, 

specifically phosphatidylinositol-(4,5)-bisphosphate [PI(4,5)P2] in the inner leaflet of 

plasma membrane (Balasubramaniam and Freed, 2011; Ono et al., 2004; Tang, 2004). 

The myristol group is concealed after translation of the Gag protein until interaction with 

[PI(4,5)P2].  This interaction induces a “myristoyl-switch” which results in a 

conformational change in MA, exposure of the myristol group, and its insertion into the 

plasma membrane (Ono et al., 2004; Spearman et al., 1997; Tang, 2004; Zhou and Resh, 

1996).  Specifically, MA residues 29 and 31 are essential in the myristol switch model 

(Shkriabai et al., 2006). This precise targeting to [PI(4,5)P2] is also proposed to aid in the 

incorporation of Env proteins, by targeting sites of assembly to lipid rafts on the plasma 

membrane. Env, which is synthesized on ER-associated ribosomes, is transported to 

plasma membrane lipids rafts via the Golgi apparatus (Balasubramaniam and Freed, 

2011).  

Upon reaching the site of virion assembly, Gag proteins utilize the plasma 

membrane as a scaffold for multimerization. It is not known whether multimerization  

occurs as low order monomers within the cytoplasm that must be actively transported to 

plasma membrane using microtubules or if monomers simply diffuse to the site of 

assembly (Bieniasz, 2009; Tang et al., 1999). In any event, Gag-Gag interactions are 

thought to be initiated primarily through domains within the CA and NC protein 

(Bieniasz, 2009). The interaction of NC with the viral genome is also thought to have a 

scaffolding effect on assembly (Balasubramaniam and Freed, 2011). In relation to MA, 

reduction of cellular cholesterol was found to reduce Gag multimerization suggesting that 
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the interaction with [PI(4,5)P2] is important for this process (Ono, Waheed, and Freed, 

2007).   

Because of the tight Gag-Gag interactions, plasma membrane curvature arises 

resulting in late-budding structure (Guo et al., 2005). Peptide sequences within the p6 

domain of Gag, termed “late domains” because of their role in budding, recruit the 

cellular protein Tsg101, which in turn initiates the recruitment of the ESCRT pathway to 

the plasma membrane. Normally, ESCRT functions in protein cargo sorting and the 

formation of multivesicular bodies (MVBs) within cells but is instead recruited to the 

plasma membrane during HIV-1 infection. Normally, ESCRT recruitment requires 

ubiquintination of cytoplasmic portions of proteins and although Gag has been found to 

be ubiquitinated in all domains, the role of ubiquitination in HIV-1 budding has not been 

clearly defined (Gottwein and Krausslich, 2005; Ott et al., 1998).  Final membrane 

scission occurs by the formation of concentric circles that ultimately sever the neck of the 

budding virion (Fujii, Hurley, and Freed, 2007). 

In addition to the myr of the N-terminus of MA, several other domains of MA are 

essential for the late steps of virus replication.  Mutation of amino acids 84 to 88 have 

been found to mistarget virus assembly to multivesicular bodies (MVBs) (Freed et al., 

1994). Numerous single amino acid substitutions in the N-terminal region of MA (amino 

acids 11-13, 16, 27-30, 34, 37, 63-65, 77-80) as well as the beginning of the 5
th

 alpha 

helix (amino acids 98-100) abrogate Env incorporation (Freed and Martin, 1995; Freed 

and Martin, 1996; Lee et al., 1997; Murakami and Freed, 2000; Ono, Huang, and Freed, 

1997; Yu et al., 1992).  

 



10 

 

2.3 MATRIX IN VIRAL INFECTION 

During the early steps of viral replication following deposition of the capsid core 

into the cytoplasm, MA is associated with reverse transcription complexes (RTCs) and 

pre-integration complexes (PICs) (Fassati and Goff, 2001; Gallay et al., 1995). Stemming 

from this observation, it was proposed that MA is involved in uncoating of the viral core. 

Historically, MA was the first factor implicated in nuclear import (Bukrinsky et al., 1993; 

Gallay et al., 1995; Haffar et al., 2000; Kaushik and Ratner, 2004). Supporting the 

nuclear import hypothesis, MA contains one nuclear export signal and two transferable 

nuclear localization signals, one in the N-terminus and one in the C-terminus of the 

protein (Bukrinsky et al., 1993; Dupont et al., 1999; Haffar et al., 2000).  Point mutations 

of highly conserved serines which are phosphorylated during normal infection, failed to 

synthesize strong-stop DNA, supporting a role for MA in an earlier step of virus 

replication, such as uncoating (Kaushik and Ratner, 2004). However, the role of MA 

during the afferent steps of virus replication remains controversial.  Several studies have 

demonstrated that mutation of the nuclear localization signals have no consequence on 

nuclear import of viral DNA (Fouchier et al., 1997; Freed, Englund, and Martin, 1995; 

Freed and Martin, 1994). Moreover, the transduction of HIV pseudotyped with the 

vesicular stomatitis virus (VSVg) envelope is only mildly affected by removal of a large 

portion of MA (amino acids 16-120) (Wang et al., 1993). 
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2.4 RESEARCH GOAL 

The 5
th

 alpha helix of MA, which is the primary focus of this study, includes amino 

acids 96-121. Previous studies of amino acid substitutions within this region of MA 

reported effects on both the early and late steps of virus replication. A K98E substitution 

resulted in an infectivity defect at an early post-entry step (Kiernan et al., 1998). Deletion 

of amino acids 98-100 of MA abolished Env incorporation (Dorfman et al., 1994). This 

phenotype was also observed with a single A99V substitution in MA (Brandano and 

Stevenson, 2011). However, a related substitution at the same site (A99E) was found to 

block virus production in CEM cells (Freed et al., 1994).  Deletions of amino acids 105-

114 or 116-123 exhibit no effect on late events of virus replication and a mild impairment 

on HIV-1 infectivity attributed to decreased Env incorporation (Bhatia et al., 2007). 

Truncation of the intracellular tail of the viral transmembrane protein gp41 rescued this 

defect (Bhatia et al., 2009). Lastly, deletion of approximately 80% of the MA protein 

from amino acids 16-120 was shown to have a 1000-fold decrease in infectivity in virus 

transduction assays with amphotropic murine leukemia virus pseudotyped vectors (Wang 

et al., 1993). This defect was shown to be rescued in another study using a similarly large 

deletion (amino acids 8-126), by truncation of the cytoplasmic domain of the env protein 

(Reil et al., 1998). 

The HIV-1 viral protein Matrix (MA) has been a topic of some debate over the 

past two decades, in terms of its functional domains and role during infection. Although 

some functions have been thoroughly established, many other questions remain 

unanswered regarding this protein. These questions include, 1) what, if any, role does 

MA play in early infection stages,  2) whether the identified nuclear localization signals 
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(NLS) or nuclear export signals (NES) play any significant role in virus replication, and 

3) whether or not the protein as a whole is specifically necessary for virus replication. 

This study sought to further elucidate answers to these questions concerning MA.  

This present study sought to further elucidate the role of MA in HIV-1 infection at 

both the early and late stages of replication. To achieve this, MA deletion mutants were 

constructed to examine the role of MA in HIV-1 infection, one of which was 

unexpectedly found to restrict virus release and was thus extensively studied. 
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CHAPTER III: 

 THE C-TERMINUS OF MA IS CRITICAL FOR VIRAL RELEASE 

 

3.1 MATERIALS AND METHODS 

 

Tissue culture cell lines.  

293-T, HeLa, and TZM-bl cells were grown in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10% Fetal Clone III (Hyclone, Logan, UT), and 100 U/ml 

penicillin and 100 µg/ml streptomycin. All cells were grown at 37
o
C with a 5% CO2 

atmosphere. 

 

DNA constructs.  

Deletions within the matrix region of gag were made in the pNLX clone (Brown, 

Chen, and Engelman, 1999) of HIV-1 using standard cloning techniques. The approach is 

summarized in Fig. 2. Briefly, deletions were constructed by PCR overlap mutagenesis 

spanning the unique BSSHII and SpeI restriction sites within gag.  Primers used are 

shown in Table 1.  The deletion fragments were gel purified, digested, and ligated into 

NLX cut with the same enzymes. The complete BssHII to SpeI regions of each clone was 

verified by DNA sequencing at the Molecular Biology Core at Creighton University 

Medical Center.  
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Figure 2. General cloning strategy. A schematic representation of the molecular 

cloning technique used to create deletions within the HIV-1 MA protein. Primers to 

amplify each region are listed in table 1. 
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 TABLE 1. Cloning Primers to construct MA mutants 

96-99 Forward ATCTTATCTAAGGCTTTTACATCTATCCTTTGATGCACAC 

96-99 Reverse GGATAGATGTAAAAGCCTTAGATAAGATAGAGGAAGAGC 

96-107 Forward GGatagatgtaaaaCAAAACAAAAGTAAGAAAAAGGCAC  

96-107 Reverse TTACTTTTGTTTTGTTTTACATCTATCCTTTGATGCACAC 

107-120 Forward AgaggaagagGACACAGGAAACAACAGCC 

107-120 Reverse GTTTCCTGTGTCCTCTTCCTCTATCTTATCTAAGGC 

96-112 Forward GGATAGATGTAAAAAAAAAGGCACAGCAAGCA 

96-112 Reverse TGCTGTGCCTTTTTTTTTACATCTATCCTTTGATGCACAC 

96-116 Forward GGATAGATGTAAAACAAGCAGCAGCTGACAC 

96-116 Reverse TCAGCTGCTGCTTGTTTTACATCTATCCTTTGATGCACAC 

96-118 Forward GGATAGATGTAAAAGCAGCTGACACAGGAAAC 

96-118 Reverse CCTGTGTCAGCTGCTTTTACATCTATCCTTTGATGCACAC 

96-120 Forward GGATAGATGTAAAAGACACAGGAAACAACAGCCAG 

96-120 Reverse TCCTGTGTCTTTTACATCTATCCTTTGATGCACAC 

16-120 Forward  GAATTAGATAAAGACACAGGAAACAACAGCCAG 

16-120 Reverse TCCTGTGTCTTTATCTAATTCTCCCCCGCTTAA 

NL708 GAAGCGCGCACGGCAAGAGGC 

cNL1630 TCCAGAATGCTGGTAGGGC 
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Viral production and purification.  

 

Viruses were produced by transient transfection of 293T cells using PEI and 

purified as previously described (Schweitzer et al., 2012).  Briefly, for production of 

virus stocks, supernatants were collected at 24 h intervals for 3 days, pooled, clarified 

through a 0.45 m pore size filter, aliquoted, and stored at -80
o
C.  Virus stocks were 

normalized by reverse transcriptase (RT) assay as previously described (Belshan et al., 

2009). For Western blot experiments, supernatants and cells lysates were collected at 24h 

post-transfection.  Virus was clarified by centrifugation and concentrated by 

ultracentrifugation through a 20% sucrose cushion at 162,000 xg for 45 min. Cells were 

washed with PBS and lysed with M-PER lysis buffer (Pierce Biotechnology, Rockford, 

IL) and cleared by centrifugation.   

 

Western blotting.  

Cell or viral lysates were resolved by SDS-polyacrylamide gel electrophoresis and 

transferred to a PVDF membrane using a semidry blotter. Membranes were incubated for 

1 h with primary antibodies as follows:  Anti-Gag (a gift from Lee Ratner) 1/2000, anti-

Matrix (a gift from Lee Ratner) 1/9000, or undiluted media from a Chessie-8 hybridoma 

(NIH AIDS Research & Reference Program). Blots were incubated for 45 min with 

secondary antibodies conjugated with species specific anti-IgG antibodies conjugated to 

horseradish peroxidase. Proteins were detected using SuperSignal West Pico 

chemiluminesence substrate (Pierce Biotechnology), exposed and visualized with X-ray 
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film.  Images were acquired by flatbed scanning, cropped, and, if necessary, adjusted for 

brightness/contrast. 

 

Membrane association assay.  

293T cells were transfected as described above with either NLX or MA96-120 and 

at 24 h post transfection the cells were collected and pelleted by centrifugation. The pellet 

was resuspended in a complete protease inhibitor cocktail and dounce homogenized. The 

lysates were then treated with 5M NaCl and TNE (25 mM Tris-HCl (ph 7.5), 150 mM 

NaCl, 4 mM EDTA) +0.5%Tx-100 and loaded onto a sucrose step gradient (85.5%, 65%, 

10%) between the 85.5 and 65% layers and ultracentrifuged for 16 hrs at 167,242 xg. 

Fractions were collected from the tube by positive displacing using the BioComp 

Gradient Master system, and samples were separated by SDS-PAGE and analyzed by 

Western blot as described above.  

 

Transmission electron microscopy.  

HeLa cells were transfected with either pNLX or pMA96-120 plasmid using 

GeneJet transfection reagent per the manufacturer’s protocol (Mirus Bio, Madison, WI 

USA). That is, for a 10 cm
2
 plate, 20 g of DNA was added to 45 l of reagent and 1 ml 

serum-free media, mixed, and added to the cells. At 24 h post transfection the cells were 

washed once with PBS, fixed in 2.5% gulteraldehyde and 2.5% paraformaldehyde, and 

incubated for 1 h at room temperature then overnight at 4
o
C. The cells were scrapped 

from the plates, embedded and prepared for imaging as previously described (Wen et al., 
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2010) at the University of Nebraska Lincoln Biotechnology Center.  Images were 

obtained at the University of Nebraska Lincoln Center for Biotechnology. 

 

Subtilisin virus stripping assay.  

293T cells were plated in 6-well plates and transfected with pMA96-120 or pNLX. 

At 24hr post-transfection, media containing cell-free virus was clarified by centrifugation 

and concentrated by ultracentrifugation through a 20% sucrose cushion as described 

above. The cells were then washed with an Inactive Subtilisin buffer (150 mM NaCl, 50 

mM Tris pH 8.0, 1 mM CaCl2) and treated with Subtilisin Active buffer (0.2 mg/ml 

Subtilisin in 150 mM NaCl, 50 mM Tris pH 8.0, 1 mM CaCl2) for 2-3 min. Stop buffer 

(complete DMEM media, 500 mM EGTA pH 8.0, 100 mM PMSF in isopropanol) was 

added and the supernatant, containing stripped virus, was collected as described for cell-

free virus. Cells were washed with PBS and lysed with M-PER lysis buffer as directed by 

the manufacturer (Pierce Biotechnology, Rockford, IL) as described above.   

 

Infectivity assays. 

TZM-bl cells were seeded at 2x10
5
cells per well in 24-well plates. Triplicate wells 

were inoculated with equivalent amounts of WT or mutant virus overnight. Mock 

infections were performed in parallel for negative controls. Media was replaced the 

following day and cells were harvested 48 h post infection.  Cells were lysed with M-

PER lysis buffer and luminescence measured using One-Glo substrate (Promega, 

Madison, WI) with a GloMax-Multi+ Microplate luminometer with Instinct (Promega, 
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Madison, WI). Results were normalized using the WT infected samples as 100% 

infectivity. Statistical analysis was performed using Graphpad Prism Software. 
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3.2 RESULTS 

 

Amino acids 100 to 107 of Matrix are important for viral release.  A series of 

deletion mutants were constructed in the pNLX molecular clone of HIV-1 (Brown, Chen, 

and Engelman, 1999) (Fig. 2) in the 5th alpha helix of MA (Fig. 3).  The largest deletion, 

MA96-120, removed all but a single amino acid of the C-terminal helix of MA.  All 

subsequent deletions were smaller iterations of this clone for mapping studies. For 

comparison, a previously published deletion mutant, MA16-120, was constructed and 

tested in some assays (Wang et al., 1993).  To test if deletions in this region affected virus 

production and release, 293T cells were transfected with each molecular clone. After 24 

hours, the supernatants containing virus particles and cell lysates were collected.  Virus 

particles were concentrated by ultracentrifugation through a sucrose cushion prior to 

lysis. The samples were analyzed by Western blot for expression of viral proteins using 

anti-MA, anti-Env and anti-Gag antibodies (Fig. 4). Most mutants produced viral proteins 

at levels approximately equal to wild-type NLX.  However, MA96-118, MA96-120 

and MA16-120 were detected at slightly higher levels in lysates.  As expected, the MA 

proteins of the deletion mutants migrated at different rates reflecting their different amino 

acid length. Strikingly, there was no capsid detected in the cell supernatants of the 

MA96-120 transfected cells (Fig. 4, lane 9).  

MA amino acids 96-121 make up the fifth alpha helix of the protein, therefore we 

assessed if the length of the helix was the determinant for virus release.  A series of 

mutants was constructed with successively smaller deletions (Fig. 4) in the fifth alpha 

helix.  MA96-118 (Fig. 4, lane 8) exhibited a release defect similar to MA96-120, with  
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Figure 3. Functional domains and deletions constructed in the HIV-1 MA 

protein. A schematic representation of the previously characterized functional 

domains of MA and a depiction of the deleted region in the study depicted below.  
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virtually no viral proteins detected in cell supernatants.  Virus release was detected from 

cells transfected with pMA96-116, but at levels substantially lower than that of wild-

type NLX (Fig. 4, lane 7). MA96-112 and MA96-107 showed the greatest reduction, 

but still significantly in comparison to NLX (Fig. 4, compare lane 2 to 4 and 6). The 

reduction of MA96-107 can especially be noted in the CA blot.  Thus, as the size of the 

deletion was reduced the amount of virus detected in supernatants increased. The 

MA107-120 and MA96-99 (Fig 4, lanes 3 and 5) mutants exhibited the highest 

amount of virus release among the mutants, comparable to that of NLX.  These data 

indicate that the 100-107 region of MA is critical for viral release.  Moreover, the length 

of the fifth alpha helix of MA effects the efficiency of virus release. 

MA96-120 Gag associates with membranes.  The inability of the MA96-120 

virus to release from cells could result from the loss of several critical functions of MA 

during virus assembly or release. One important function of MA as part of the Gag 

polyprotein during assembly is targeting the Gag polyprotein to sites of assembly at the 

plasma membrane (Bieniasz, 2009). Membrane floatation assays were performed to 

determine whether the deletion in MA caused improper targeting to the membranes.  

Cells transiently transfected with MA96-120 or wild-type NLX for 24 h were lysed and 

membrane-containing fractions separated using step gradients.  Fractions were collected 

by positive displacement (therefore fraction 1 represents the top most faction) and viral 

proteins detected by SDS-PAGE and Western blot (Fig. 5). Gag and CA were detected in 

fractions 2 and 3 from gradients of NLX transfected cells, indicative of protein associated 

with membranes, and and in fractions 7 - 9, indicative of soluble proteins (Fig. 5, top 

panel). The pattern of viral protein distribution was similar in cells transfected with the  
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Figure 4. MA deletion mutants have marked defects in viral release and 

envelope incorporation. Transfected 293T cell lysates and supernatant containing 

virus particles were harvested and analyzed by SDS-PAGE and Western blotting 

using antibodies directed against HIV-1 Env, HIV-1 Gag, and HIV-1 MA. 

Lane  1  2   3   4  5   6  7   8   9   10 
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MA96-120 mutant (Fig 5, bottom panel), indicating the MA96-120 Gag protein was 

associated with membranes.    Notably, there was a higher level of Gag detected in 

fractions 2 and 3 of the MA96-120 blots in replicate experiments. This is consistent 

with an accumulation of Gag proteins in cells as a consequence of a release defect.   

Co-expression of MA96-120 inhibits wild-type virus release.  Another critical 

step of virus assembly is the multimerization of Gag monomers into developing virus 

particles. To test whether MA96-120 Gag was capable of multimerizing, we took 

advantage of its size difference with wild-type MA and performed co-transfection assays.  

In these assays, equal amounts of pNLX and pMA96-120 were transiently transfected 

into 293T cells and protein expression and virus release monitored by Western blot (Fig. 

6).  The MA96-120 mutant was detected in the supernatants of the co-transfected cells 

indicating that it was released in the presence of wild-type Gag and therefore capable of 

multimerization. However, as shown in Fig. 6, the amount of wild-type MA detected in 

the co-transfected samples was substantially decreased compared to the NLX sample 

despite approximately equal amounts of MA in cell lysates.  From this data, it appeared 

that expression of MA96-120 inhibited the release of NLX.  

To confirm this observation, similar experiments were conducted in which a constant 

amount of pNLX was co-transfected with increasing amounts of pMA96-120 (Fig. 7).  

The level of capsid and MA detected in supernatants decreased as the amount of 

pMA96-120 transfected into cells increased (top panel).  Examination of the cell lysates 

showed a slight decrease in the amount of p55 Gag protein and a slight increase in the 

amount of p24 CA (Fig. 7, bottom panel).  From these experiments we concluded that 

expression of MA96-120 inhibits wild-type NLX release in a trans-dominant manner.  
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Figure 5. MA96-120 associates with membranes. 293T cells were transfected 

with either pNLX or pMA96-120. At 24 hr post-transfection, cells were lysed 

by dounce homogenization and ultracentrifuged on a step sucrose gradient. Nine 

fractions were collected and analyzed by western blot using antibodies directed 

against HIV-1 Gag. Fractions 2 and 3 represent proteins bound to membranes.  
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Figure 6. MA96-120 multimerizes with NLX and reduces viral release. 

293T cells were transfected with either pNLX, pMA96-120 or equal amounts of 

both. Transfected 293T cell lysates and supernatant containing virus particles were 

harvested and analyzed by SDS-PAGE and western blotting using antibodies 

directed against HIV-1 Gag and HIV-1 MA.  
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MA96-120 forms particles which are anchored together at the plasma 

membrane.  The membrane flotation assays indicated that MA96-120 associated with 

membranes were from the plasma membrane or other membranous structures such as 

microvesicular bodies or organelles.  To determine the nature of the MA96-120 release 

defect, transmission electron microscopy was performed on HeLa cells transiently 

transfected with pNLX or pMA96-120 (Fig. 8). As observed in other studies, we 

consistently observed electron dense sites of particle formation at the plasma membrane 

and mature virus particles that appeared to be released from NLX transfected cells (Fig. 

8A).  In marked contrast, the typical electron dense sites of particle formation at the 

plasma membrane was never observed in MA96-120 transfected cells, nor did we see 

cell-free particles. Instead, we observed two distinct structures: The first was clusters of 

virus particles accumulated at the plasma membrane of cells (Fig. 8B-C and E-F).  

Between three and fifty-seven particles were in these groups and appeared to lack a dense 

core, this being immature in nature. This data suggests that deletion of amino acids 96-

120 causes a defect of virus budding. To assess whether the mutant particles exhibited 

any gross change in morphology we measured their diameter and compared them to WT 

particles observed. We observed no significant difference (unpaired T-test) in size 

between wild-type and MA96-120 particles.  The second distinct structure we noted 

were large electron dense structures wrapped within multiple layers of membrane in the 

cytoplasm of the pMA96-120 transfected cells (Fig. 8C). These results however are 

preliminary and additional experiments to verify this phenotype are currently underway 

in our lab.  
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Figure 7. MA96-120 multimerizes with and inhibits NLX release in a trans-

dominant manner. 293T cells were transfected with pNLX and increasing 

amounts of pMA96-120. Cell lysates and supernatant containing virus particles 

were harvested and analyzed by SDS-PAGE and western blotting using antibodies 

directed against HIV-1 Gag and HIV-1 MA.  
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Virus retention at the plasma membrane is not due to a protaceous factor. In an 

effort to identify the cause of the retention of virus particles seen in the EM images, we  

performed a protease virus-stripping assay using subtilisin to determine if a “Tetherin-

like” protease-sensitive factor is involved. If the linkage between the membrane retained 

viral particles is due to a protein expressed on the viral membrane, release of the particles 

should occur following subtilisin treatment. 293T cells transfected with NLX or 

pMA96-120 were treated with a subtilisin-buffer and supernatants were collected and 

analyzed by Western blot (Figure 9). Free-virus was detected in the supernatants of NLX 

transfected cells but not MA96-120 transfected cells, as expected. Subtilisin treatment 

of either NLX- or MA96-120 transfected cells did not result in the release of any viral 

particles. 

Deletions in the 5th alpha helix of MA impair virus infectivity.  The virus release 

data indicated that deletions in the 96-120 region of MA likely would ablate virus 

replication due to a release defect.  However we were interested to determine how these 

deletions would affect the afferent steps of virus replication.  To this end, we produced 

MA mutant viruses by transient transfection of 293T cells and collected from the cell 

culture supernatants for 72 h.  Due to their release defects, the MA96-120 and MA96-

118 viruses could not be assayed. The wild-type and MA107-120 viruses were diluted 

substantially when normalized to the other deletion mutant viruses.  Virus infectivity was 

measured on all mutants including MA16-120 using TZM-bl indicator cells and the 

RLU values normalized to wild-type NLX (Fig. 10A).  All of the deletion mutants except 

MA107-120 showed a substantial decrease in infectivity compared to wild-type NLX 

(~98% or greater).  MA107-120 exhibited ~67% of the infectivity of wild-type NLX.   
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Figure 8. MA96-120 virions are retained at the plasma membrane. Thin-

section electron micrographs of HeLa cells 24 hr post transfection. (A) NLX 

transfected cells depicting a characteristic site of assembly at the plasma 

membrane. (B-F) MA96-120 transfected cells. (B) Three cells with a cluster of 

virus particles in the center. Unknown electron dense structures can be seen in 

these cells. (C) Higher power image of the cluster in (B). (D) Higher power image 

of the unknown structures in (B) near several mitochondria.  (E) A second cluster 

of virus particles. Arrows marks what appear to be stalks between virions.  (F)   

Higher power image of the cluster shown in (E).  
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Since amino acid 99 was previously shown to be required for ENV incorporation into 

virions (Brandano and Stevenson, 2011), we hypothesized that all the mutants with this 

amino acid deleted were non-infectious due to an absence of Env.  To test this 

hypothesis, Western blots using an antibody to Env were performed on purified virus 

particles (Fig. 4, bottom panel).  Consistent with previous results (Brandano and 

Stevenson, 2011; Dorfman et al., 1994), Env was not detected in all the mutant virus 

particles that lacked amino acid 99 of MA, interestingly with the exception of MA16-

120.  MA107-120 alone appeared to incorporate Env at levels similar to wild-type 

NLX.  To circumvent the absence of Env in the deletion mutants, virus stocks were made 

with viruses pseudotyped with the vesicular stomatitis virus glycoprotein (VSVg; Fig. 

10B).  Strikingly, MA96-107, MA96-112, and MA96-116 were still unable to infect 

cells, indicating that minimally, amino acids 100 to 107 are critical for the afferent steps 

of virus replication.  Consistent with previously published data, VSVg pseudotyping 

rescued the infectivity of the MA16-120 and the MA96-99 virus (Brandano and 

Stevenson, 2011; Reil et al., 1998).  Similar to the experiments with wild-type Env, the 

MA107-120 virus was only mildly less infectious than NLX (80.3%). Combined with 

the release studies, these data indicate that amino acids 96-107 of MA are important for 

both the early and late steps of the HIV-1 life cycle.  
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Figure 9. Retention of MA96-120 particles is not due to a protease-sensitive 

factor. 293 T cells were transfected with pNLX or pMA96-120 and 24 hr post 

transfection cells were treated with a subtilisin buffer. Both this supernatant and 

cell-free virus were purified through a sucrose cushion and subject to western blot 

analysis along with the cell lysates. 
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3.3  DISCUSSION 

 

The HIV-1 MA protein is involved in both the afferent and efferent stages of the viral 

lifecycle (Balasubramaniam and Freed, 2011; Fiorentini et al., 2006; Freed, 1998; 

Ghanam et al., 2012). In this study we showed that deletions in the fifth alpha helix of the 

MA protein impair both virus release and infectivity. Moreover, deletion of amino acids 

96-120 of MA inhibited wild-type viral release in a trans-dominant manner while still 

properly targeting to membranes and sustaining the ability to multimerize to other Gag 

polyproteins. Using a panel of MA mutant viruses with successively smaller deletions, 

we mapped the amino acid residues critical for virus release and virus infection to 100-

107.  

EM analysis indicated that the viral release defect resulted from two errors in 

assembly.  First, viral particle retention observed at the cell surface.  Second, there was 

the formation of multimembraned structures in the cytoplasm of cells. These two 

observations appear to be interrelated, as the multimembraned structures were only 

observed in cells where virus assembly and particle retention was observed, but not in 

NLX transfected cells.    

To determine if the failure of the virus to be released was due to a protaceous factor, 

subtilisin-mediated release studies were performed on cells transfected with pMA96-

120. Our studies indicate that a subtilisin-sensitive factor is not responsible for this 

defect. Therefore, this suggests that the factor responsible for the release defect must 

either not be exposed on the viral envelope or be a component of the release complex,  
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A B 

Figure 10. MA deletions within the C-terminus inhibit viral infectivity. Virus 

was generated with 293T cells by transfection of the indicated mutant clone were 

normalized by RT activity and used to infect TZM-bl cells. Cell lysates were 

harvested at 24 hr post infection and relative infectivity was determined by 

luminescence using a luminometer. Relative infectivity is based on WT NLX, 

which represents 100%. Data represents three experiments preformed in triplicate. 

(A) Viruses with WT env expression (B) Viruses pseudotyped with VSVg env. 
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such as a constituent of the ESCRT pathway. Our lab is currently working to identify this 

factor.                    

It is possible that the factor involved in the viral retention is also triggering the 

production of the unusual membranous structures observed in the TEM micrographs (Fig. 

8). Although the identity of these structures is also unknown, they appear to be similar in 

size, but usually larger than mitochondria.  These structures may be autophagosomes, 

which are known to form within cells following HIV-1 infection (Dinkins, Arko-Mensah, 

and Deretic, 2010). Late stages of the autophagy pathway are thought to degrade HIV 

particles and other macromolecules, thus thwarting virus production. However, it has 

been proposed that the viral protein Nef interacts with the autophagy pathway protein 

Beclin 1 and prevents formation of autophagosomes in macrophages (Kyei et al., 2009). 

The structures in this study have several characteristics which are unusual in appearance 

and suggest that they are not autophagosomes. One being that these structures appear to 

be multimembraned. Additionally, these structures do not appear to contain other 

cytosolic content and were not observed to fuse with lysosomes, which is a known end 

result of autophagosome formation (Dinkins, Arko-Mensah, and Deretic, 2010). Ongoing 

studies within our lab are currently attempting to identify the origin of these structures. 

Previous studies on the HIV restriction factor Tetherin display a phenotype which is 

similar in appearance to the one we present here with the MA96-120 mutant, that is, an 

accumulation of virus particles at the cell surface (Neil et al., 2007). Tetherin is induced 

by IFN in response to viral infection, which the HIV viral protein Vpu has evolved to 

counteract (Neil et al., 2007). However, Vpu is only required in certain cell types which 

express Tetherin such as HeLa, but for other cell types such as 293T or COS which do 
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not express Tetherin, the presence of Vpu has no affect (Neil et al., 2006; Varthakavi et 

al., 2003). For this reason, we deduce that Tetherin is not the cause of the phenotype 

displayed by MA96-120. Another characteristic of Tetherin particle retention as shown 

by EM images, is the reuptake of particles from the cell surface into endosomes within 

the cytoplasm of the cell (Neil et al., 2007). This was not seen in the MA96-120 

samples, but in comparison to Tetherin EM images, longer extensions of virus particles 

were observed (as much as 57 particles). Previous studies have also identified the 

interaction of gp120 with the cell receptor CD4 in producing viral retention, however 

these effects are suppressed by the viral Nef and Vpu, which act to downregulate CD4 

surface expression (Lama, Mangasarian, and Trono, 1999; Ross, Oran, and Cullen, 1999). 

In the data presented in this study, the majority of experiments were performed in cells 

which do not express CD4 and for this reason, we deduce that CD4:gp120 interactions 

are not the source of the observed viral retention. Although the identity of the molecules 

responsible for this phenotype is unknown, amino acids 96 to 120 of the MA protein 

appear to be the lone causal factor for HIV retention. In principle, this region of MA 

could be important for inhibiting an anti-viral function of the host cell by recruiting other 

host or viral proteins to assist in blocking virus release. Thus, by deleting amino acids 96 

to 120 of MA, the viral block is no longer capable to prevent particle retention. This 

inhibition of viral release could also explain the trans-dominant inhibition of wild-type 

release in co-transfected cells. To our knowledge, no previous studies have described this 

phenotype of viral retention at the cell surface in concordance with the MA protein. 

In addition, these C-terminal MA mutants were observed to undergo an early 

replication defect. These results differ from some previous studies which examined 
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different C-terminal mutations. One study observed only a small (3- to 4-fold) reduction 

in infectivity with two mutants with amino acids 105-114 and 116-123 of MA deleted 

(Bhatia et al., 2007). The drop in infectivity correlated with a reduction in envelope 

incorporation and reduced membrane fusion (Bhatia et al., 2007). Another study 

attributed an early replication defect to a defect for membrane fusion due to a mutation at 

amino acid 99, which our results corroborate (Brandano and Stevenson, 2011).  Future 

studies will attempt to specifically define this defect further. 
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APPENDIX A 

TESTING ANTIRETROVIRAL NANOPARTICLES 

 

A.1. BACKGROUND 

 

 As mentioned previously, the standard of care treatment for HIV infected patients 

is a cocktail of three or more antiretroviral therapy (ART) drugs in combination (cART). 

Currently there are six different classes of drugs to treat HIV infection, two or more of 

which must be included in cART treatment (Mallipeddi and Rohan, 2010).  Used in this 

way, cART is effective in over 80% of patients beginning treatment for HIV (Sterne et 

al., 2005). 

 However, several challenges remain with current treatment options available to 

HIV-infected individuals. Failure of patients to take these drugs at regular prescribed 

intervals can result in the emergence of drug-resistant viruses, ultimately leading to 

failure of therapy (Baggaley, Powers, and Boily, 2011). Once a cART regimen fails, there 

are limited treatment options. cART has also been associated with adverse side effects 

and toxicity. For example, protease inhibitors increase serum lipids in patients (Barbaro 

and Barbarini, 2011). Current treatments do not cure HIV infection and must be 

maintained for life. Thus, lifelong therapy with robust viral suppression is the current 

goal of therapy (Parboosing et al., 2012). The inability to obtain a curative treatment is 

due to the establishment of viral reservoirs which have eluded attempts at a cure. One 
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such reservoir is latently infected cells harboring integrated HIV DNA (Matreyek et al., 

2012). Also, ongoing viral replication, possibly in physiological compartments not well 

penetrated by cART treatment, may play a role in therapy failure.  As a result, viral 

replication may persist at low levels, even in the face of maximally suppressive cART 

therapy (Matreyek et al., 2012; Parboosing et al., 2012). And regardless of the source of 

the reservoir, any interruption of therapy results in a rapid rebound to high levels of viral 

replication. 

In an attempt to combat these challenges with current treatment options, 

nanoparticles offer several advantages. These advantages include more efficient delivery 

of drugs by targeting to relevant cell types and penetration of viral reservoirs such as the 

CNS due to the small size of the particles; a reduction in the number and frequency of 

dosing for improved adherence by increasing the half-life of drugs thus leading to 

compliance by the patients; and a reduction of drug associated toxicity and side effects by 

alternative delivery routes (Mallipeddi and Rohan, 2010; Parboosing et al., 2012). All of 

these advantages lead to enhanced drug potency and efficacy.  

 Previous studies from the Destache laboratory analyzing the efficacy of poly-

(lactic-co-glycolic acid) (PLGA) NPs revealed potentially significant advantages for 

using NPs for cART delivery (Destache et al., 2009; Destache et al., 2010). Most 

promising was that drugs in mice injected with NPs containing multiple drugs (ritonavir 

(RTV), efavirenz (EFV) and lopinavir (LPV) (from here on referred to simply as cART 

NPs) could be detected for 28 days post injection, as compared to 72 hours for free drug 

(Destache et al., 2010). These drugs were also detected in tissues not normally penetrated 

by ART drugs, such as the CNS.  
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The goal of this study was to further analyze in vitro the efficacy of cART NP 

formulations generated from the Destache laboratory.  

 

 

 

  



43 

 

 

A.2.  MATERIALS AND METHODS 

 

Virus transduction assays.  

TZM-bl cells were seeded at 4 x 10
4
 per well in 24-well plates, incubated overnight, 

and inoculated with 25 l of HIV-1 vector pseudotyped with vesicular stomatitis virus 

glycoprotein (VSVg) for 4 h and washed.  After an additional 48 h of incubation at 37
o
C, 

the cells were harvested and assayed for luciferase activity as described above.  Data 

represents eight total replicates.   

 

Western blot assays. 

 For the SupT1 infections, 5 x 10
6
 cells were inoculated with HIV-1NL4-3 virus (500 

l) for 4 h, washed with media, and incubated overnight at 37
o
C, 5% CO2.  The cells 

were then treated with 0.05 mg/mL NPs (blank or cART) for 24 h and washed twice with 

fresh media.  After an additional 48 h, the supernatants and cells were collected 

separately.  The cells were washed with PBS, lysed with 400 l M-PER solution, 

clarified by centrifugation (20,000 xg for 5 min. at room temperature), concentrated by 

ultracentrifugation through a 20% sucrose cushion, and the pellet resuspended in 1x SDS-

PAGE sample buffer.  Cells or concentrated supernatants were resolved by SDS-PAGE 

and transferred to PVDF membranes for Western blot analysis.  Proteins were detected 

by Western blot using anti-HIV-1 Gag (a gift from Dr. Lee Ratner) or GAPDH primary 

antibodies (Santa Cruz Biotechnology) (1:1000) followed by species specific secondary 

antibodies conjugated with HRP (1:5000).  Bands were detected by chemiluminescence 
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exposed to film.  Images were obtained by scanning films and cropped using Adobe 

Photoshop.   

 

cART NP  inhibitory concentration 50 (IC50).  

 

TZM-bl cells were seeded for each cART NP dilution in triplicate at 4 x 10
4
 per well 

in 24-well plates.  After 24 hrs the cells were treated with six 10-fold dilutions of cART 

particles starting with 0.05 mg/mL.  After 4 hours, the NPs were removed and the cells 

washed with media.  The following day, the cells were inoculated with HIV-1NLX virus 

(25 l) for 4 h, washed, and incubated for 48 h.  Cells were washed with PBS, lysed with 

150 l M-PER solution (Thermo Scientific, Rockford, IL) and clarified by centrifugation.  

Luciferase assays were performed using a GloMax-Multi+ Microplate luminometer with 

Instinct (Promega, Madison, WI) and read immediately.  The data obtained was 

normalized from relative luminescence units (RLU), plotted and IC50 obtained using 

GraphPad Prism software.   
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A.3. RESULTS 

 

PLGA cART NPs containing ritonavir (RTV), efavirenz (EFV) and lopinavir 

(LPV) inhibit viral infection in vitro.  To examine the efficacy of PLGA particles 

containing RTV, EFV, and LPV in vitro, experiments evaluating infectivity, IC50, and 

protein production were performed. TZM-bl indicator cells were tresated with cART NPs 

for 4 hours prior to infection with a pseudotyped VSVg vector to measure infectivity 

based on RLU values. In comparison to mock treated and blank NPs, the cART NPs had 

a three log decrease in infectivity, compared to uninfected cells (Figure A1, A). The IC50 

was 0.016 g/ml for LPV, 0.13 g/ml for RTV, and 0.24 g/ml for EFV (Figure A1, B). 

To examine cART NP efficacy post-infection, SupT1 cells were used and treated with 

cART NPs 24 hr following infection and virus production was evaluated by Western blot. 

Compared to blank NPs, cART NPs viral protein expression was substantially reduced in 

both the cell lysate and the supernatant (Figure A1, C). Together, these studies 

demonstrate the inhibitory effects of PGLA EFV-RTV-LPV NPs on HIV-1 replication. 

Combination NPs have lower IC50 than drug solution alone in vitro. Due to the 

success of these cART NPs, additional NPs containing various drug combinations were 

assayed. In these studies, we analyzed the efficacy of these formulations compared to free 

drug solutions by determining their IC50 values. All NPs were tested as described above, 

while testing free-drug solutions in parallel. The first NPs tested (Fig A2, A) contained 

emtricitabine (FTC) which was conjugated to PLGA in order to permit NP incorporation. 
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Figure A1.  cART NPs inhibit HIV-1 infection. (A) Preexposure treatment 

with cARTs inhibit infectivity. TZM-bl reporter cells were inoculated with HIV-

1+VSVg and the next day treated with 0.05 mg/ml of either cART or blank 

particles. After 48 h, the cells were lysed and assayed for luciferase expression 

using a luminometer and reported as relative light units (RLU).  Data is shows the 

mean of eight individual infections and error bars represent standard deviation. (B)  

IC50 of cART NPs. TZM-bl cells were treated with six 10-fold dilutions of 

cARTs and the next day inoculated with HIV-1 NLX. After 48 h, the cells were 

lysed and luciferase assays performed.  RLU values were obtained with a 

luminometer. Data is representative of triplicate samples. Error bars denote 

standard error of the mean. (C)  Western blot analysis of SupT1 cells treated 

with cARTs.  SupT1 T-cells were infected with HIV-1 NLX and treated with 0.05 

mg/ml at the same time for 24 h. After extensive washing the cells were incubated 

for an additional 48 h, and the cell supernatants and lysates were harvested. 

Supernatant virus particles were concentrated by ultracentrifugation. Supernatants 

and cell lysates were analyzed by Western blot with anti-Gag and anti-GAPDH 

antibodies as indicated.   
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The IC50 of the FTC NPs were found to be 0.16 g/ml which was lower than the free 

drug (0.50 g/ml). The second NP formulation included raltegravir (RTG) and efavirenz 

(EFV) and had an IC50 of 0.13 g/ml, which was also lower than the free drug solution of 

these two drugs combined (0.63 g/ml). The last NPs tested contained azidothymidine 

(ATZ), ritonavir (RTV), and EFV, and had an IC50 equal to the free drug solution 

(0.073g/ml). 
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Figure A2. Drugs delivered via NPs have a lower or equal IC50 compared to 

free drug solution. Dose-response curves for various drug combinations which 

were added to TZM-bl indicator cells at different concentrations for 4 hrs and 

infected with HIV. (A) FTC conjugated to PGLA NPs (B) RTG-EFV NPs (C) 

ATZ-RTV-EFV NPs.  
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A.4.  DISCUSSION 

 

 Nanoparticles have the potential to circumvent several problems related to drug 

delivery and treatment of HIV. Together, these studies show that NP made from PLGA 

are more effective, or in one instance equal to the free drug solution in vitro. Because 

PLGA is a biodegradable polymer and the drugs contained within the particles are FDA 

approved, this formulation has the potential to be a successful treatment option. Because 

these particles have been shown to release drug for up to 28 days in vivo, this potentially 

would be a vast improvement on the daily regimens prescribed today and increase patient 

adherence to treatment protocols (Destache et al., 2010). The EFV-RTV particles are 

currently being developed for prophylaxis treatment as a vaginal gel (Date et al., 2012). 

Due to the small size of the particles, these would, in theory, penetrate the vaginal 

mucosa and protect the female from the spread of new infections.  

 Due to the complexities of HIV pathogenesis, more efficient drug delivery 

systems are vital. Unlike other nanocarriers, the particles described herein have the ability 

to be loaded with multiple ART drugs, making them a potential tool for HIV treatment. 

The use of PGLA-based NPs also has minimal safety concerns. Overall, these studies 

demonstrate that PGLA particles containing low levels of ART drugs are effective in 

inhibiting HIV infection and have the potential to be a useful treatment option for HIV 

infected patients. 
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