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ABSTRACT 

Antiretroviral drug treatments and vaccine strategies are hampered by the ability 

of the HIV to generate variants able to evade their protective effects. Understanding the 

effects of these interventions on virus evolution could aid in the design of targeted 

antiviral strategies. We addressed this in a cohort of SIV infected non-human primates 

given short-term antiviral drug treatment (ART) with and without DNA vaccinations. We 

hypothesized that the most potent therapies (e.g. those that suppress virus burden to the 

greatest degree) would limit virus evolution.  Our results supported this hypothesis.  

There was no apparent vaccine effect however.  These results could indicate that the 

immune response was not strong enough to induce changes in the global virus population, 

evolution must be monitored at the epitope level to be revealed, or the most informative 

time points were unavailable due to low virus burdens.  We additionally hypothesized 

that infection of the gut associated lymphoid tissue may render this organ as a reservoir 

for expression of unique viral genotypes.  We demonstrated that high plasma virus loads 

were associated with high tissue virus loads and wide dissemination of genotypes.  In 

contrast, the lymphoid tissues of animlals that controlled their virus burden contained 

genotypes not expressed in other organs.  Our results have important implications on 

studying virus evolution in vivo by demonstrating that large populations and potentially 

numerous virus genes need to be analyzed. 
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The AIDS epidemic 

In 1981, numerous publications reported an increase in two rare diseases, 

Kaposi’s Sarcoma and Pneumocystis carinii pneumonia, in the United States (2, 111, 

137).  This was the beginning of an awareness in the US of what would come to be 

known as acquired immunodeficiency syndrome (AIDS).  The African continent had 

already seen the emergence of “Slim Disease” in the late 1970s. However, this was not 

widely known outside of the continent (187).  In 1983, the virus responsible for these 

events was isolated (27), and had spread to Africa, Australia, Europe, North America, and 

South America (187).  By 2005 an estimated 40 million people had been infected with the 

human immunodeficiency virus type 1 (HIV-1)(294), the etiologic agent that causes 

AIDS.  This figure is 50% higher than originally projected in 1991 (294).   

Sub-Saharan Africa has an estimated 24.7 million people living with HIV-1 (218). 

Asia has an estimated 8.3 million people infected and together: Latin, and North America 

with Western and Central Europe, have an estimated 3.7 million people infected with the 

virus.  The region with the fastest growing rates of new infection varies depending on 

how a population is defined [e.g. geographical area (Eastern Europe, Russia, or Asia), 

percentage of the world population (India), or sex (Indian or African American women)], 

however, this demonstrates that no area or population is free from the risk of infection.   

The virus has been responsible for 23.1 million deaths across the globe (295) and 

has left an estimated 15 million children orphaned (295).  Infection and the subsequent 

death of those infected carries not only an emotional toll but also a financial burden on 

both families and governments (295) that struggle to provide succor.  The spread of the 

virus is aided by a lack of education as to how the virus is transmitted, religious beliefs, 
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fear, and most urgently, civil war.  In an effort to alleviate the effects of the epidemic, 

numerous governmental and nongovernmental organizations have formed.   Their goals 

ranging from the eradication of the virus (International AIDS Vaccine Initiative, Bill and 

Melinda Gates Foundation, Global Fund, American Foundation for AIDS Research), to 

education (TASO, http://www.tasouganda.org/, AVERT http://www.avert.org), to caring 

for orphans (Nyumbani, Africare, and China AIDS Orphan Fund, Inc.).  Thus far, efforts 

to eradicate the virus have met with little success. The reasons for this are many and 

varied but have to do with the virus family HIV-1 belongs to.    

 HIV-1 is a member of the Retroviridae family. HIV-1 is in the Retroviridae family 

whose members can infect a wide variety of animal hosts (61). The family is divided into 

seven genera based on nucleotide and genome structure and includes; Avian leucosis-

sarcoma virus, B-type virus, D-type virus, HTLV- BLV group, Lentivirus, Spumavirus, 

and Mammalian C-type virus.  Infection of the host can result in in diseases ranging from 

completely benign (Spumavirus) to fatal infections (Lentivirus members).  The members 

of this family share a common virion structure, genome organization, and mode of 

replication.   

The enveloped virion is approximately 100 nm in diameter and studded with 

products of the envelope gene.  Internal to this is the nucleocapsid (or core) that is 

spherical to conical in shape.  Within the core are two copies of the single strand RNA 

genome (7 to 10 Kb in length) with the coding sequences invariably aligned gag-pol-env  

(Figure 1.1).  Unique to this family is a plus strand genome that does not serve as mRNA 

after infection but is the template used by the viral reverse transcriptase to synthesize 

double strand DNA (dsDNA).  Integration of the dsDNA into the host’s genome is 
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required for replication.  Cellular proteins replicate the viral genome and proteins.  Viral 

proteins are translated as unprocessed precursor proteins that assemble at the host cell 

membrane prior to budding.  The virion is released as an immature particle that is fully 

infectious after the viral polyproteins are cleaved by the viral protease.  HIV belongs to 

the lentivirus genera and the stable integration of the viral genome into the host cell is the 

feature that makes eradication so difficult. 

HIV-1 is in the Lentivirus genera.  Members of this genera typically do not cause 

disease rapidly in an infected host hence the name lentivirus (Latin: lentus, slow). 

Prototypical members of this genus include equine infectious anemia virus, visna virus, 

and caprine arthritis-encephalitis virus.  Newer members include the human (HIV-1 and 

2) and simian immunodeficiency viruses (SIV).  Lentiviruses are considered “complex” 

because their genome encodes accessory proteins not found in “simple” retroviruses.  

These accessory proteins are often encoded by overlapping reading frames and multiply 

spliced mRNA.  This feature maximizes the coding sequence of a small genome.  The 

functions of the proteins vary and include aiding in transactivation, mRNA splicing, 

escape from immune surveillance, and viral infectivity (Figure 1.1). 

The Viral Life Cycle is divided into two phases.  HIV-1 (hereafter referred to as 

HIV) is transmitted as either cell free virions or cell associated integrated provirus.  The 

replication cycle is roughly divided into an early and late phase. HIV enters cells via 

fusion between the viral envelope and the target cell membrane. The viral envelope spike 

glycoprotein, gp120, and its transmembrane anchor gp41, have critical roles in viral 

infectivity in the early phase.  The gp120 molecule targets susceptible cells via binding to  
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Figure 1.1.  Organization of the HIV proviral coding regions.   The genome is arranged 
5’ to 3’ (left to right).  Brief descriptions of accessory proteins are shown.  [Adapted from 
Coffin (61), Fields Virology, Lippincott-Raven] 
 
 
 
host cell membrane proteins.  Infection after transmission is most efficient with the 

expression of two receptors on the target cell.  The first receptor identified was the CD4 

molecule (69, 152).  CD4 is a member of the immunoglobulin superfamily and is 

expressed on CD4+ T cells, monocytes, dendritic cells, brain microglia, and 

macrophages.  Infection and replication within CD4+ T cells and 

monocytes/macrophages is believed to be responsible for the majority of virus produced 

throughout infection (66).  Binding to CD4 triggers a conformational change in gp120 

that creates a binding site for another receptor.  Frequently this is the chemokine (C-C 

motif) receptor 5 (CCR5) however other receptors are used in vitro (56).  CCR5 was 

identified as a viral receptor after the CD4 molecule thus it is referred to as the co-

receptor (80, 88).  Binding to CCR5 triggers further conformational changes in gp120 

that bring the gp41 closer to the target cell membrane and allows fusion between the two 

membranes.  Fusion is mediated by gp41 and this allows entry of the viral core into the 

cellular cytoplasm where the viral nucleocapsid is partial uncoated.  Within this 
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nucleoprotein complex the viral reverse transcriptase (RT), and host transcription factors, 

replicate the viral genome.  Reverse transcription is initiated from a host derived tRNAlys 

at a primer binding site located downstream of the 5’ LTR.  Reverse transcription of the 

ssRNA genome is a complex process and results in degradation of the viral genome and a 

dsDNA copy of the viral genome.  Recombination between the two RNA strands 

frequently occurs at this stage (see Evolution below). The nucleoprotein complex is 

translocated to the nucleus where the DNA is stably integrated into the host cell genome 

by the viral integrase protein.  Integration is required for the production of progeny 

virions and efficient RNA transcription (278, 320).   

 The second phase of infection is the production of viral RNA transcripts by the host 

transcription machinery.  mRNA synthesis is initiated at the viral LTR that contains 

several binding sites for cellular transcription factors.  Full length transcripts serve as; 

genomic RNA for progeny virions, mRNA for polyproteins (gag and gag/pol), and 

mRNA for multiply spliced viral proteins (envelope and accessory proteins).   The early 

phase of gene expression is characterized by multiply spliced viral mRNAs that encode 

nonvirion regulatory proteins that regulate viral gene expression.  These include the Tat, 

Rev, and Nef proteins.  The late phase is characterized by singly or unspliced mRNAs 

that encode virion proteins.  Virion proteins are produced as polyproteins that assemble at 

the host cell plasma membrane.  Virion structures, the incorporation of viral genomic 

RNA, and interaction with the viral envelope proteins occurs at the plasma membrane 

(61). Immature virions bud off the host cell membrane thus acquiring the viral envelope 

from the host cell. The replication cycle takes approximately 28-32 hours (149) but 

cleavage of the polyproteins by the viral protease is required for the production of 
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infectious virions (61).  

HIV Infection of Humans Eventually Leads to Death.   The initial infection 

(acute or primary infection) can have no attendant symptoms or can manifests itself as a 

flu-like syndrome (elevated fever, sore throat, nausea, malaise).  During this period, the 

virus is widely disseminated throughout the body.  The plasma virus burden is generally 

high (179) and an immune response is generated (Figure 1.2).  The acute period can last 

from days to months and is often accompanied clinically with lymphopenia, 

thrombocytopenia, inverted CD4/CD8 ratio, and atypical lymphocytes.  Seroconversion 

can occur from one to 10 weeks after the acute phase. 

 

 
 

 
Figure 1.2.  Typical course of HIV or SIV infection.  During acute infection, viremia is 
coupled with a drop in CD4+ T cell counts.  The immune response is initiated and virus 
burden declines to a setpoint, often associated with a slight recovery of CD4 T+ cells.  
This is followed by the chronic phase and a continuous decline in CD4 T+ cell numbers.  
As CD4 T+ numbers decline, opportunistic infections increase and eventually lead to 
death.  The time differential between HIV-1 and SIV disease progression can be seen in 
the timeline at the bottom of the graph.  [Adapted from Cohen et al. (62)]. 
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Infected individuals then experience a clinically latent phase of infection.  A 

decreased plasma virus load, an initial rebound or stabilization of CD4+ T cell counts, 

HIV specific immune responses, and an absence of clinical symptoms characterize this 

phase. The plasma virus load during this period has been shown to be predictive of 

disease progression with lower virus loads associated with longer disease free survival 

(197).  The duration of this phase is estimated to last 10 years before the development of 

acquired immunodeficiency syndrome (AIDS).  During this period the CD4+ T cell 

numbers gradually decrease.  This phase is called clinical latency because no clinical 

symptoms are seen, however, low level virus replication is detectable in most individuals. 

Gradually, the CD4+ T cell numbers decline to a point where infection caused by 

bacteria, fungi, viruses and parasites can not be controlled.  At this point the CD4+ T cell 

count is very low and the virus burden is very high. The World Health Organization 

(WHO) uses a diagnosis of Kaposi’s sarcoma, toxoplasmosis of the brain, candidiasis of 

the esophagus, trachea, lungs or bronchi as AIDS defining illnesses (1) because most of 

these conditions are controlled by a healthy immune system.  The United States Centers 

for Disease Control and Prevention (CDC) includes HIV positive persons with a CD4+ T 

cell count of less than 200/microl blood in their definition of AIDS 

(http://www.cdc.gov/mmwr/preview/mmwrhtml/00018871.htm).  With access to 

antiretroviral therapies the life expectancy after a diagnosis of AIDS is more than 5 years 

(257) however, without treatment the median survival time is 9.2 months (208).   

Virus-Specific Immunity is generated after infection.  During the acute phase of 

infection, both the cellular and humoral arms initiate an immune response specific to the 

virus.   
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The cellular immune response can limit virus replication in several ways.  

The appearance of an HIV specific CD8+ cytotoxic T lymphocyte (CTL) response 

coincides with the decrease in the initial virus load (35, 158). CTL recognize non-self 

peptides when presented within the cellular major histocompatibility complex (MHC) 

class I molecule (315) and this recognition triggers CTL to lyse infected cells.  CTL also 

secrete beta chemokines in an antigen specific manner, some of which (RANTES, MIP-

1α and β) are the natural ligand for the viral co-receptor, CCR5. These chemokines can 

block infection through direct competition (307).  CTL also secrete the Type II 

interferon, interferon-gamma (IFN-γ) that activates macrophages and the production of 

MHC molecules.  It also stimulates the differentiation of CD4+ lymphocytes into T-

helper 1 cells and together these responses promote antiviral activity.  The importance of 

this response is readily illustrated by the artificial removal of these cells using the SIV 

infection of monkeys as model for HIV infection in humans (see SIV as a model below).  

SIV infected animals were depleted of their CD8+ T cells using an anti-CD8 monoclonal 

antibody.  An increase in virus burden and in disease progression was associated with the 

disappearance of these cell in SIV infected macaques (142, 256).  The reappearance if the 

CD8+ cells in the peripheral blood coincided with a decrease in the plasma virus load.  

Evidence is accumulating that a virus-specific CD4+ T cell response is essential for 

maintenance of a strong virus-specific CTL.  

Matloubian et al. (193) demonstrated the importance of the CD4+ T cell response 

in maintaining CTL function during a chronic viral infection. Mice infected with 

lymphocytic choriomengitis virus (LCMV) develop strong virus-specific CTL that 

resolve the acute infection (6, 44, 167, 194).  Using different strains of LCMV, that result 
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in a more persistent infection, elimination of the CD4+ T cells at the time of challenge 

resulted in a persistent infection of all of the mice.  Importantly, these animals were 

unable to generate a memory CTL response to the viruses.  The importance of antigen 

specific T helper cells in maintaining the virus-specific CTL response has also been 

demonstrated in chronic viral infections, cytomegalovirus and hepatitis C virus, of 

humans (308).  HIV infection results in impaired CD4+ T helper cell function early after 

infection (163) and their loss as infection progresses.  Although virus–specific CTL 

persist in the absence of virus-specific CD4+ T cells, their ability to produce IFN-γ in 

response to viral peptides is impaired (254). CD4+ T cells also orchestrate the humoral 

response to viruses.   

The Virus-specific humoral immune response. The antibody response to HIV 

infection develops within weeks to months after infection (259). Antibodies to linear 

portions of the capsid and Gag protein develop first (260) with neutralizing antibodies 

mainly directed against the viral envelope protein (234) developing a variable length after 

infection (5, 245, 285, 310).  Antibodies specific to a portion of the viral envelope protein 

(V3) block the interaction of the virus and its co-receptor thereby neutralizing infectivity 

(250).  Neutralizing antibodies to the membrane spanning portion of the envelope protein 

(gp41) have also been identified (65).  The viral envelope protein is heavily glycosylated 

and contains five regions of highly variable sequence that allows the virus to escape from 

the antibody response directed toward this protein (235, 244). Detailed studies must be 

performed at various stages of infection and disease to determine how best to combat 

infection, however, the difficulty or impossibility of performing certain manipulations in 
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HIV infected individuals necessitates the use of an appropriate animal model for HIV 

infection. 

SIV Infection of Rhesus Macaques is a Model for HIV Infection of Humans.  

HIV does not infect any nonhuman primates other than the chimpanzee (13).  

Chimpanzees do not reliably progress to an AIDS-like disease after infection (219, 226) 

and they are an endangered species so their use as an animal model is limited.  In the 

1980’s viruses that caused an immunodeficiency syndrome were isolated from rhesus 

macaques (Macaca mulatta) housed in captive breeding colonies (30, 71, 214).  Later 

named the simian immunodeficiency viruses (SIV) they naturally infect many species of 

nonhuman primates in Africa (118) with high levels of replication but no attendant 

disease.  Experimental infection of rhesus macaques of Asian origin with tissue 

homogenates prepared from an asymptomatic Sooty mangabey (Cercocebus atys) of 

African origin (28), were shown to cause an AIDS like disease in the monkeys (28).  

Clinically, the animals had lymphadenopathy, splenomegaly and opportunistic infections, 

with most dying of enteric disease.  Weight loss, thymic and lymphoid atrophy, 

encephalitis and syncytial cell lesions were seen.  The pathology seen in these animals 

mirrored the pathology of HIV in humans.  These results demonstrated that transmission 

of SIV from the natural host (sooty mangabeys) to a susceptible host (rhesus macaques) 

resulted in an AIDS-like disease. 

SIV is 50% similar to HIV-1 and 75% similar to HIV-2, at the nucleic acid level 

(106). The close relationship between HIV and SIV renders SIV a suitable model with 

which to mimic HIV infection. The pathogenesis of SIV infection and immune response 

of experimentally infected macaques is very similar to that seen in HIV infected humans.  
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The initial drop in plasma viremia after SIV infection is associated with the CTL 

response (172, 256, 317), and a neutralizing antibody response is generated (42, 126).  

SIV isolates have been shown to mainly use the CCR5 molecule as the receptor for entry 

(90, 189, 296).  In the animal model, the strain and dose of the virus used, the route of 

infection, and treatment options can all be carefully controlled.  

There are three patterns of disease progression in humans and nonhuman primates 

that are roughly defined by the length of survival after infection.  HIV infected humans 

that succumb to infection within 5 years are said to be “rapid progressors”while those that 

remain disease-free, without drug intervention, for over 10 years are called “slow” or 

long-term nonprogressors (174, 212).  Infected individuals whose disease progression 

rates fall between these two extremes are called either “typical’ or ‘intermediate” 

progressors.  SIV infected monkeys can also be stratified in this manner (127, 324) 

however, the rapid progressors typically succumb to infection within six months. The 

progressors succumb to infection within 1-3 years and long-term nonprogressor 

macaques generally remain disease free for greater than 3 years without treatment.  There 

is also considerable interspecies variation in disease progression (286) with Chinese 

origin rhesus progressing more slowly than those of Indian origin.   Additionally, the 

rapid disease progression seen in SIV infected monkeys allows in vivo studies to be 

carried out in realistic time frame.  

Virus Evolution is influenced by viral and host factors. Both HIV and SIV exist 

within their respective hosts as a complex population of closely related viral variants 

referred to by virologists as a quasispecies.  Intra-patient viral populations arise by viral 

evolution brought on by both viral adaptations to the host and host adaptation to the virus 
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(262). Viral factors include the high rate of replication, an error prone reverse 

transcriptase, and recombination.  Studies have shown that both a large amount of virus 

and virally infected cells are produced and destroyed each day (128, 204, 311, 326) 

demonstrating the high rate of viral replication.  The steady state plasma virus load is 

indicative of ongoing viral replication, with estimates of the average total of HIV virions 

produced daily of greater than 107 (128, 237, 311).  The viral reverse transcriptase (RT) 

enzyme also drives evolution.  This enzyme has no proof reading mechanism therefore 

any errors introduced during reverse transcription of the viral genome are maintained. It 

has been estimated that the HIV RT introduces one mutation for every genome produced 

(188).  Provided the mutation is not lethal, the mutated genome will be replicated.  

Another viral factor influencing evolution is the high rate of genomic recombination 

during reverse transcription (141, 173, 330).  The highly variable virus population within 

an infected individual as well as co-infection of one cell by genetically distinct viral 

variants can result in the generation of virions with non-identical copies of the genomic 

RNA.  Template switching (or copy choice) frequently occurs during the synthesis of the 

first DNA strand, and strand displacement during the second DNA strand synthesis both 

result in viral recombinants.  Recombination is influenced by the integrity and secondary 

structure of the RNA (60, 81, 82, 103, 220). The fixation rate of mutations, i.e. the 

selective advantage or disadvantage of a particular mutation on the viral variant in a 

given environment, also influences viral evolution (59).  These factors drive virus 

evolution and adaptation of the virus to the host.    

Host factors that influence HIV/SIV evolution include the immune response 

generated to the virus, and intrinsic factors that can vary between individuals. The 

 22



humoral immune response induced by infection selects for viral variants that can evade 

antibody mediated selection pressures. Viral escape from the neutralizing antibody 

response is at least partially mediated by changes in N-linked (155, 245, 310) and, 

potentially O-linked (67), glycosylation sites within the viral envelope protein. Mutations 

within the envelope protein result in decreased recognition of the epitope by antibody.  

Evasion of the host CTL response also drives virus evolution through changes in amino 

acid residues that can alter T cell recognition or impair binding to the hosts MHC class I 

molecules (26, 31, 36, 113). The importance of viral evasion of this response is readily 

demonstrated by reversion of CTL epitopes after transfer to a new host lacking the MHC 

class I molecule to recognize the mutant epitope (100, 170). Thus another aspect of SIV 

infection of macaques that mimics HIV infection of humans is the escape from both the 

virus specific CTL and antibody response (244). 

Intrinsic host factors have been identified that either prevent virus replication after 

entry or positively promote replication after entry. Two factors that prevent virus 

replication after entry are the apolipoprotein B mRNA editing enzyme catalytic 

polypeptide-like 3G (APOBEC3G, originally named CEM15)(265) and the tripartite 

motif protein 5a (TRIM 5a)(280). APOBEC3G, is a member of the APOBEC family of 

cytidine deaminases that can deaminate cytosine on RNA and/or DNA (140).  This 

results in G to A hypermutations in the viral cDNA (166, 186, 323) and a loss of integrity 

and stability of the viral cDNA and its ability to encode functional proteins (122). TRIM 

5a is a cytoplasmic protein that restricts infection of a variety of viruses.  The mechanism 

whereby TRIM 5a exerts this effect is currently unknown, however it was known that 

mutations to the viral capsid protein that change the stability of its association with the 
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viral core affect reverse transcription (99).  This suggests that a cellular process that 

changes the kinetic of uncoating might also affect reverse transcription.   Both of these 

proteins act in a species-specific manner so their development as antiretroviral agents 

await further research into their mechanisms of action. Attempts to identify other cellular 

restriction factors are underway (277). 

The host cellular factors that oppose virus replication are joined by cellular factors 

that promote the spread of the virus.  Two of these factors are emerin and the cellular 

tumor susceptibility gene 101 (Tsg101). To support a productive infection, the viral 

cDNA must be integrated into the host cell genome. This is accomplished with help from 

the inner-nuclear-envelope protein emerin (138).  In cells lacking emerin the viral cDNA 

enters the nucleus but integration is inefficient.  Other cellular proteins are also required 

for the viral cDNA to interact with emerin [barrier-to-autointegration factor and LEM 

(LAP,emerin,MAN)].  For the virus to spread within an infected individual efficient 

budding must occur and this is accomplished in cooperation with the cellular Tsg101 

(107) in concert with another host protein of the vacuolar protein sorting machinery, 

AIP1 (279). 

The hosts MHC haplotype as well as genetic polymorphisms can influence their 

susceptibility to infection or disease progression.  Expression of particular MHC alleles 

have been associated with either rapid or slow disease progression rates in humans or 

macaques (34, 47, 182, 202, 230, 282). Single nucleotide polymorphisms in the promoter 

region of the cytokine IL10 gene have been associated with both an increased risk of HIV 

infection and faster disease progression with lower CD4+ T cell counts (268). 

Additionally, individuals who are heterozygous for a 32 base pair deletion in the CCR5 
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gene, the viral coreceptor, have been shown to have slower disease progression rates after 

infection. Individuals who are homozygous are resistant to HIV infection (73, 133, 198, 

201).  Together, intrinsic host factors that oppose or promote the spread of the virus can 

have a large impact on disease progression.  Currently, the only treatment for HIV 

infection is by chemotherapeutic agents that target different viral proteins/enzymes. 

Antiretroviral Drug Therapy is currently the only available treatment for 

infection. Numerous points in the virus lifecycle provide targets for antiretroviral (ARV) 

agents.  The advent of antiretroviral therapy (ART) was heralded by the introduction of  

3'-azido-2',3'-dideoxythymidine (AZT, commonly called zidovudine) in 1987 (96).  AZT 

blocks productive infection of new cells by preventing replication of the viral genome 

prior to its integration into host cell DNA.  This drug belongs to a family of drugs called 

nucleoside analogue reverse transcriptase inhibitors (NRTI).  AZT proved efficacious in 

lowering the plasma virus burden, however, mutations in the viral RT result in virions 

with reduced sensitivity to the drug (97, 105, 164, 274).  Since the introduction of AZT, 

drugs that target other viral proteins/enzymes have been introduced.   

Fusion inhibitors bind the viral gp41 and inhibit the conformational change 

needed for gp41 to mediate fusion between the viral and cellular membrane thus blocking 

the viral core from entering the host cell.  Protease inhibitors (PI) bind the active site of 

the viral protease and prevent processing of the viral proteins necessary for production of 

infectious progeny.  The nonnucleoside RT inhibitors (NNRTI) bind the viral RT itself 

and prevent replication of the viral genome.  With FDA approval of new ARVs, it was 

reasoned that drugs used in combination would prevent the accumulation of drug resistant 
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mutants because more mutations would be necessary to evade all the drugs ensure 

viability.     

In 1996 highly active antiretroviral therapy (HAART) was introduced (4) and 

typically consists of a combination of three or four antiviral agents. Studies have clearly 

shown that HAART extends both the disease free survival and life expectancy of HIV 

infected individuals (83, 91, 233).  However, treatment does not eliminate infection so 

viral recrudescence (55), and its attendant risks (20, 64) is a constant danger. 

Unfortunately, soon after HAART was introduced it was determined that replication 

competent virus with reduced sensitivity to all drugs were found, and transmitted (283, 

291). The macaque model of HIV infection has proved useful in identifying viral 

reservoirs while on therapy (266), the effects of treatment on CD8+ T cell subsets (319) 

and viral rebound after treatment withdrawal (225).  This model has also demonstrated 

that potent combinations of ARVs can limit viral rebound after therapy is withdrawn 

(125) thereby limiting the evaluation of immune interventions delivered during drug 

treatment. 

 Numerous ARVs have been tested in SIV infected non-human primates, 

however, [also known as (R)-9-(2-phosphonylmethoxypropyl)adenine (PMPA)] (Gilead 

Sciences, CA) has been the most widely used.  PMPA is an NRTI that was originally 

shown to protect non-human primates from SIV infection when administered from 48 

hour before to 24 hours after SIV infection (290).  These results were not consistently 

reproducible (125, 143), however, PMPA can be effective in lowering the plasma virus 

burden during treatment but it does not always limit viral rebound after its withdrawal. 

As seen with other NRTIs, mutations in the viral RT (K65R) results in resistance to 
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PMPA in both HIV and SIV (116, 298, 322).  This mutation confers a discrimination-

resistance in which the viral RT has reduced affinity for the drug when compared to the 

natural dNTP substrate (270) and also confers resistance to other NRTIs.  This mutation 

results in increased processivity of the HIV RT during DNA synthesis (17), indicating 

that the fitness of the mutant virus may not be altered in the presence of drug. The 

constantly evolving viral population limits the effectiveness of both ART and the immune 

response to infection, so strategies are needed to curtail the rate of virus replication, 

thereby limiting viral evolution and escape from the immune response. 

DNA Vaccines show promise in limiting disease progression after infection. 

Historically, vaccines for infectious diseases have the greatest impact on public health.  

With respect to HIV, the belief that the immune system can control virus replication 

and/or infection comes from multiply exposed individuals who remain virus negative 

(248) and long term infected individuals who remain clinically healthy (nonprogressors) 

(57, 267, 321). The goal of a vaccine is to produce a memory immune response so that 

subsequent exposure to the pathogen results its rapid and effective clearance from the 

host, or saves the host from the deleterious effects of infection. Exogenous antigen, 

presented via the vaccine, may either boost the existing immune response or generate a 

de novo immune response different than that induced by natural infection.  Therapeutic 

vaccination assumes that enhancing or generating anti-HIV immune responses can 

modify the clinical disease course. A number of different vaccine preparations have been 

tested against HIV using the SIV model (58, 132, 191, 213, 316).  Thus far the 

preparations have not proven safe for use in humans or provided sterilizing protection 

from infection.  

 27



A newer vaccine technique currently being developed is the DNA or genetic 

vaccine.  DNA vaccines code for a protein antigen(s) of choice under the control of a 

mammalian promoter.  The DNA is amplified for mass production as a bacterial plasmid 

and delivered into the recipient parenterially (intramuscular or intradermal), or directly 

into cells using a particle mediated delivery (PMD) device or gene gun.  The advantages 

of this method include the speed of production, inexpensive production costs (as 

compared to protein based), and the stability of the DNA at ambient temperatures, thus 

obviating the need for refrigeration.  Additionally, multiple genes can be incorporated 

into the DNA vector, to engineer the immune response. This vaccine technology has been 

shown to elicit both antigen-specific humoral and cell mediated immune responses to a 

wide range of diseases and infectious agents (159). 

DNA vaccination relies on the uptake or delivery of the DNA into the cell’s 

nucleus and its subsequent transcription and translation into proteins. Using gene gun 

technology, the DNA is deposited intracellularly (92, 314), circumventing the necessity 

for uptake.  This approach mimics aspects of vaccination with a live attenuated vaccine 

without the safety concerns associated with an infectious agent.  The endogenous 

production of antigen results in a protein with native posttranslational modification, 

conformation, and oligomerization.  This was demonstrated by the induction of anti-

haemagglutinin (HA) antibodies in nonhuman primates vaccinated with DNA encoding 

the influenza virus HA (292), that is only efficiently transported to the cell surface as a 

trimer.   

Gene gun technology can utilize the skin for targeted delivery of DNA vaccines, 

so called particle-mediated epidermal delivery (PMED).  The use of the skin for 
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induction of an immune response has proven to induce both type 1 T helper cell 

responses, and robust cytotoxic T cell responses to HIV and SIV (101, 120, 131, 147).  

Transfection of both keratinocytes and resident dendritic cells (DCs) (63, 239) results in 

the production of the encoded proteins.  The skin has resident epidermal and dermal 

dendritic dells (DCs) in a resting state.  In response to danger signals the DCs will 

become activated and upregulate MHC class I and II molecules in addition to 

costimulatory molecules (3). DCs will also begin to express the CCR7 molecule, the 

receptor to the secondary lymphoid tissue chemokine, for migration to the draining 

lymph node (86).  DCs can present antigen loaded onto either the MHC class I or class II 

molecules (94, 253, 318) within the lymph node to stimulate antigen specific naïve T 

cells or primed T lymphocytes to proliferate and differentiate. 

Concerns regarding this technique include the possibility of recombination 

between cellular DNA and the vector, and the possible immunogenicity of the DNA 

itself.  The fear is that recombination could result in the incorporation of a strong 

promoter before an oncogene, or inactivation of a tumor suppressor gene.  No integration 

of the vaccine DNA into the host genome was detected in one study specifically 

researching this possibility.  The authors calculated that the frequency of recombination 

would be less than that expected by spontaneous mutation alone (221). Another fear is 

that a lupus-like autoimmune disease could develop due to the possible immunogenicity 

of the DNA itself.  One study in mice demonstrated that parenteral delivery of a DNA 

vaccine did not alter the disease course in lupus-prone mice (207). However, optimization 

of a peptide dsDNA mimetope induced antibodies that were frequently cross reactive 

with DNA (29). Whether DNA vaccines will induce anti-DNA antibodies in humans is 
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currently unknown, however, based on preclinical animal studies this seems unlikely. 

DNA vaccines have provided protection from disease progression (25) in macaque 

models of HIV infection. Challenge studies using homologous, pathogenic or avirulent 

SIV viruses have shown that this strategy can provide significant protection from disease 

progression (25, 171, 246).  This technology has also proven to induce a protective effect 

against a heterologous, virulent isolate in the mucosal SIV challenge model (101). 

Additionally, the proven ability of a DNA vaccine to prevent a disseminated infection 

after a mucosal challenge (101) argues that this technique may be able to limit the 

establishment of a viral reservoir, one major obstacle to eradicating the virus. 

Viral Reservoirs make eradication difficult.  A viral reservoir could be an 

infected cell in a quiescent state or a virion that has not yet infected a cell. Under drug 

therapy, the reservoir could be a drug privileged site or one with poor drug penetration.  

Antiretroviral therapy (ART) does not eliminate all virus replication or the viral reservoir 

of infected cells.  A quantative plasma virus load in some patients while taking ARTs, or 

viral rebound when the drug is removed readily illustrates the presence of a reservoir.  

Additionally, the demonstration of continued virus evolution indicates; the drug is not 

100% effective, there is incomplete drug penetration, or other viral reservoirs exist that 

allow virus replication under treatment.  Studies have shown the memory CD4+ cell 

population is a cell population containing integrated proviral DNA (54, 95) that actively 

replicates infectious virions upon stimulation, (55, 313).  Additionally, B cells (139, 185) 

and dendritic cells (DC)(43) have been shown to traffic infectious HIV virions. The DCs 

have been demonstrated to retain virions in an infectious state for a minimum of six 

months (43).  It was recently demonstrated that in some infected individuals the source 
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for plasma virus was the blood monocytes (328).  The viral reservoir contains a mixture 

of genotypes representing both ancestral and modern variants (224).  The ancestral 

variants present before the initiation of antiretroviral drug therapy may be more virulent 

than the drug resistant variants circulating during treatment.  Even in patients 

experiencing treatment failure, continuing antiretroviral therapy may suppress this more 

virulent reservoir.   

The number of people infected with HIV is estimated to be greater than 40 

million, with 11,000 new infections occurring daily. The current standard of care is 

antiretroviral drug therapy.  This treatment has proven to prolong the disease free survival 

after infection however, the majority of those infected do not have access (136, 293) or 

are even aware of (51) its benefits.  Additionally, not everyone responds well to treatment 

and even if the response is initially favorable, mutant genomes with reduced sensitivity to 

drug arise and bring a return of disease progression and thus far, inevitable death. An 

effectively strategy is needed to halt the spread of the virus both within and between the 

worlds population.  One obstacle to eradication is the ability of the virus to rapidly mutate 

thus escaping the effects of both the host’s immune response and antiretroviral drug 

therapy. Understanding the effects of drug treatment and/or vaccination on virus 

evolution in vivo is one step towards designing strategies to halt this growing pandemic 

and allowing those infected with HIV to die of old age.  
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Chapter 2.  Specific Aims 
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Numerous HIV infected individuals are currently prescribed antiretroviral therapy 

(ART) to aid in controlling viral replication, with the goal of prolonging their disease free 

survival.  Several HIV vaccine trials are also underway (7) with the same goal. Viral 

evolution is influenced by many factors including the selective pressures of the host’s 

immune response, drugs, and/or vaccine and the adaptation of the virus to its host.  The 

impact of these factors on viral evolution and response to antiviral therapies in vivo is 

largely unknown. Additionally, preferential infection and elimination of the CD4+ cell 

population within the gut associated lymphoid tissue (GALT) occurs during acute 

infection. The effects of these events on the amount of virus present in the GALT and the 

viral variants expressed in these tissues are largely unknown.  This understanding is 

important in the design of future antiviral interventions.   

Using the SIV infection of macaques as a model for HIV infection in humans we 

proposed to analyze the effects of drug treatment with and without vaccination on virus 

evolution in SIV infected macaques.  We also proposed to determine the amount of virus 

contained in the GALT and if preferential expression of genotypes occurred in this tissue 

after an established infection.  Our hypothesis is that animals that respond favorably to 

ART and receive a vaccine preparation targeting defined CTL epitopes will display 

less viral evolution than animals that responded poorly to therapy and received a 

vaccine preparation targeting only T helper responses.  We additionally 

hypothesized that the GALT would contain genotypes unique to the site and contain 

more viral copies than peripheral lymph tissue. 
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To test these hypotheses the following specific aims were constructed. 

Specific Aim 1. Determine the presence and extent of quasispecies evolution 

in responder and nonresponder animals using heteroduplex tracking analysis on 

longitudinally sampled plasma virus cDNA to determine if a correlation exists 

between epitope recognition and V1-V2 variation.  The goal of this aim was to 

monitor the evolution of viral genotypes in SIV/DeltaB670 infected animals. To 

accomplish this goal we optimized the heteroduplex tracking analysis (HTA) for use with 

our isolate, SIV/DeltaB670.  HTA was then performed on longitudinally sampled cDNA 

from forty-four SIV infected animals; left untreated, given transient drug treatment, given 

DNA immunizations during transient drug treatment, or primed with a DNA vaccine and 

boosted with the DNA immunizations during transient drug treatment. The HTA patterns 

representing the expressed viral genotypes were compared to determine the effect of 

antiviral therapies on virus evolution. 

Specific Aim 2. Determine whether the mesenteric lymph nodes harbor 

unique genotypes and/or replicates more virus than axillary or inguinal lymph 

nodes.  Using real time RT-PCR we quantitated the viral copy number from mesenteric, 

axillary, and inguinal lymph nodes as well as jejunum harvested at necropsy from 

animals that had been infected a minimum of 11 months. The viral copy number was 

quantitated and cDNA was prepared from total RNA isolated from these tissues.  The 

copy number was normalized to the expression levels of β-GUS and the results were 

stratified according to the plasma virus burden to compare the virus loads between 

tissues. HTA was performed on the tissue derived cDNA and the results were compared 
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among the tissue as well as the virus circulating in plasma at necropsy to determine the 

genotypic expression patterns. 
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Chapter 3. Development of the Heteroduplex Tracking Analysis (HTA) to Monitor 

the Evolution of SIV/DeltaB670. 
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Introduction. 

HIV/SIV exist within an infected host as a complex mixture of closely related 

genotypes referred to as a quasispecies.  Genetic variation arises from both host (25, 34, 

36, 113, 155, 245, 310) and viral factors (128, 141, 173, 188, 311, 330) and can be 

associated with viral fitness (59).  The ability to monitor viral evolution within an 

infected host allows us to monitor the development of drug resistance (105, 164, 283, 

291, 298), study viral pathogenicity (19, 50, 203, 252, 286), and track the epidemic (78, 

105, 157).  Heretofore this has been a time consuming and costly process, based on 

amplification and sequencing of viral genes.  These limitations restrict the number of 

samples that can be analyzed so informative time points, or samples from a large 

population may be missed. Our laboratory’s primary focus is SIV vaccine research and an 

understanding of the effects of the vaccine on virus evolution in vivo is imperative to 

designing an efficacious vaccine. We chose to develop the heteroduplex tracking analysis 

(HTA) for use with our primary SIV isolate, DeltaB670. HTA is a method that can 

monitor evolution within a chosen region of a genome by identifying mutants based on 

the differential migration of duplex DNA (76).  This analysis would allow us to rapidly 

monitor and/or select specific mutants for further study. 

For this analysis, a region of interest is selected and amplified from both a 

reference genome and unknown samples.  The region must be flanked by constant 

sequences to allow for reliable amplification from the unknown sample as well as allow 

for an informative analysis. The reference sequence (probe) is amplified as a single strand 

and labeled to enable its detection.  The probe and unknown are mixed to allow for 

duplex DNA formation and the dsDNA is then separated through a highly resolving gel 
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matrix.   Insertions/deletions or base pair changes between the two strands retard the 

migration of the dsDNA through the gel and result in reproducible banding patterns (23). 

We chose to monitor changes within the V1-V2 region of the viral envelope gene because 

this has been used to identify SIV/DeltaB670 genotypes (287) and the envelope protein is 

a primary target of the host’s immune response.   

Due to its external location on the virion, envelope is an antibody target (235, 

244, 250) and studies mapping viral epitopes have also identified CTL targets within this 

protein (12).  The envelope protein is heavily glycosylated and dictates the cell type the 

virus can enter through its recognition of the viral receptor (CD4) and co-receptor 

(frequently CCR5 or CXCR4).  Studies have shown that changes in the variable regions 

V1, V2 and V3 can potentially affect the pathogenicity of the virus by acquiring the 

ability to enter new cell types (50).  Selection for human immunodeficiency virus type 1 

envelope glycosylation variants with shorter V1-V2 loop sequences occurs during 

transmission of certain genetic subtypes and may impact viral RNA levels (50).  Viral 

escape from the host’s CTL response has been demonstrated in HIV infected humans (36, 

144) and SIV infected macaques (228). These findings suggest that the ability to track 

sequences within the envelope gene throughout infection may lend insight into the 

identification of genotypes associated with enhanced fitness and the development of 

efficacious vaccines.   

SIV/DeltaB670 is a primary isolate that consists of a complex mixture of over 20 

genotypes that can be identified by distinct sequences in the V1-V2 hypervariable region 

of gp120 (16, 286).  We thus chose to use this region to track specific genotypes during 

the virus evolution associated with antiretroviral and vaccine therapy and/or disease 
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progression.  Although studies have suggested that alterations in glycosylation within V1-

V2 may enable the virus to escape antibody recognition (238, 249), this region has not 

thus far been shown to encode T cell epitopes.  Mutations elsewhere in gp120, outside of 

the V1-V2 region do encode T cell epitopes, however, with mutations at these sites 

leading to escape from CTL recognition (48, 144, 272).  Additionally, this portion of the 

genome is the most hypervariable region of the genome (231) and should therefore 

provide a sensitive indicator of viral evolution.  

To develop a rapid method for examining virus evolution in a large number of 

samples we chose to develop the heteroduplex tracking analysis (HTA) to monitor 

changes in the V1-V2 region of envelope of SIV/DeltaB670.  This chapter describes the 

parameters of HTA for the SIV system studied here.  
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Materials and Methods 

V1-V2 env PCR amplification and probe generation. To determine the V1-V2 

sequence to use as the probe for the HTA, this portion of envelope gene was amplified in 

independent duplicate, PCR reactions containing 1 ng of DNA from three separate 

plasmids containing either the SIV/DeltaB670 clones 3 and 12, or SIV/17E-Fr envelope 

region by nested PCR as described (287). This resulted in the generation of non-specific 

PCR products as demonstrated by the presence of additional band on ethidium-bromide 

stained agarose gels. We repeated the amplification using only the second round primers 

and this resulted in amplification of one fragment of the correct size (~480 bp).  The 

amplicons were gel purified using a commercially available kit, per manufacturers 

instructions (Promega, Madison, WI).  10 ng of these amplicons were then amplified and 

radiolabeled by asymmetric PCR using the second round forward primer as described 

(281).  This product was gel purified (Qiagen, Valencia, CA) and stored at –20 C before 

use.   

Heteroduplex tracking analysis (HTA). Nucleotide changes in the V1-V2 

region of env were monitored by HTA.  HTA was performed using the following 

modifications of the procedure originally described by Delwart and Gordon (76).  The 

probe amplicons were pooled, gel purified (QIAEX II gel extraction kit, Qiagen, 

Valencia, CA) and eluted in 50 μL water.  Amplification and gel purification was 

repeated using 1 ng of the gel purified product as starting material.   

The radiolabeled probe was generated by asymmetric amplification of 10 ng of 

the gel purified product in a 100 μL reaction using only the second round forward primer.  

The cycling conditions were: 1 X PCR buffer II, 50 mM MgCl2 0.75 mM dCTP, 0.75 
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mM dTTP, 0.75 mM dGTP, 1:6 diluted dATP, 10 μCi 32P dATP, 2.5 U Amplitaq gold.  

The resulting radiolabeled single strand probe was subjected to electrophoresis at 60 mV 

for approximately 3 hours, visualized by autoradiography, excised, gel purified, and 

stored at –20 °C until use.  

Fifteen μl of pooled V1-V2 PCR products were individually mixed with 5 μl of a 

master mix containing 1 μl of radiolabeled single strand probe, 2 μl HTA buffer (1 M 

NaCl, 100 mM Tris, pH 7.4, 20 mM EDTA) and 2 μl water.  The mixture was heated to 

93 °C for 3 min and immediately placed on ice.  The duplexed DNA was subjected to 

electrophoresis in 5% MDE (Cambrex Bio Science, Rockland, ME) in 1X TBE buffer (1 

M NaCl2, 100 mM Tris pH 7.5, 20 mM EDTA) at 300 V for 3.5h.  The gel was dried and 

the bands were visualized by autoradiography.   

Dilutions for HTA detection limit.  The optical density of plasmid preparations 

was used to determine the number of envelope copies in each preparation.   The plasmids 

were diluted to the desired copy number, then mixed before PCR amplification. The V1-

V2 region was amplified using nested PCR as described (287) with independent reactions 

containing 104 through 102 copies of the envelope region. Reactions were performed in 

duplicate or triplicate.  10 μl of each reaction was used for HTA. 
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Results 
 

Study design. To develop a rapid method to monitor viral evolution in vivo we 

optimized the heteroduplex tracking analysis (HTA) for use with our primary isolate, 

SIV/DeltaB670. We optimized the analysis using the V1-V2 region of the envelope gene 

amplified from plasmids containing this region from individual SIV/DeltaB670 clones.  

Briefly, Trichel et al. (287) had prepared these clones using PBMC DNA isolated 2 

weeks pi (post inoculation) from animals that had been inoculated either intracolonically, 

orally, or intravaginally with SIV/DeltaB670. We chose to optimize the HTA using these 

samples because their sequence was known and they represented genotypes in which a 

minimum of virus evolution had occurred.  The use of these plasmids also eliminated the 

inherent danger of working with infectious virus. 

SIV/DeltaB670 Clone 3 was selected as the genotype to monitor throughout 

infection.  SIV/DeltaB670 consists of a minimum of 20 genotypes as determined by 

sequencing the V1-V2 region of the envelope gene (16, 287). To determine which clone 

to track we selected SIV/DeltaB670 clones 3 and 12, and the isolate, SIV-17E.  Clones 3 

and 12 are two of the dominant genotypes in an inoculum and share approximately 87% 

identity at the nucleotide level to the other DeltaB670.  SIV-17E was selected because it 

is approximately 25% identical to the DeltaB670 stock and we wanted to determine if this 

greater diversity would provide greater discrimination between the DeltaB670 genotypes 

(Figure 3.1).  We performed HTA using each of these three genotypes to probe the V1-

V2 regions from the other clones.   This analysis demonstrated that the greater percentage 

of mismatches between 17E-Fr and the DeltaB670 genotypes did not result in a clear 

distinction between the two DeltaB670 genotypes (Figure 3.2). We also identified an  
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Figure 3.1.  Sequence alignment of the V1 region of the envelope gene from six 
SIV/DeltaB670 clones and SIV-17E.  Sequences were aligned to SIV/DeltaB670 clone 3, 
top line, with identical nucleotides replaced with dashes and insertions represented by 
dots.  The SIV/DeltaB670 clones are indicated by B670 followed by clone number. 
 
 
 
 
 
 
 

 
Figure 3.2. HTA demonstrating the migration of SIV-17E and SIV/DeltaB670 clones 3 
and 12 probed with the same clones.  Probes were generated from the indicated clones 
and individually mixed with each individual clone alone. The clones are indicated across 
the top of the figure. L contains a mixture of the clones. The asterisk and double asterisk 
indicate the single strand probe and homoduplex position respectively. 
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additional band in the lane containing only the 17E-Fr isolate demonstrating the PCR 

conditions were not optimal for this sample.  Probing these genotypes with DeltaB670 

clone 12 resulted in a reduced ability to distinguish 17E-Fr from the single strand probe 

lane (Figure 3.2, 5th lane).  This outcome could preclude our ability to distinguish 

DeltaB670 genotypes with the same degree of identity to the 17E genotype. The use of 

the DeltaB670 clone 3 resulted in a separation between these genotypes present so this 

clone was chosen for further analysis.   

SIV/DeltaB670 clones have unique migration patterns. To determine the 

migration patterns of the other DeltaB670 genotypes by HTA, we chose to compare 

SIV17E and the DeltaB670 clone 3.  We reasoned that although there was less identity 

between DeltaB670 genotypes and 17E, this might provide greater distinction between 

the genotypes than that provided by DeltaB670 clone 3.  The results, shown in Figure 3.3, 

demonstrate that the greater degree of sequence identity between the DeltaB670 clone 3 

and the other genotypes resulted in greater separation between the genotypes on the gel.  

This factor would allow for greater discrimination between genotypes when more than 

one variant was present within a sample, so we selected DeltaB670 clone 3 for further 

development. 

A clone representing greater than 10% of the sample is reliably detected by HTA.  

To determine what percentage of the sample one genotype would have to represent for 

accurate detection by HTA, we performed a dilution experiment in which one clone 

represented from 50% to 1% of the mixture.  We used clones 3 and 12 for this 

experiment, holding the concentration of clone 3 constant. We amplified the V1-V2 

region of the envelope gene in independent reaction containing a serially diluted clone 12  
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Figure 3.3.  HTA demonstrating the migration of SIV/DeltaB670 clones tracked with 
SIV/DeltaB670 clone 3 (a) and SIV-17E probes (b). Probes were generated from 
SIV/DeltaB670 clone 3 and SIV-17E and mixed with individual SIV/DeltaB670 clones. 
The V1-V2 region was amplified from plasmids containing a portion of the envelope 
gene from the clones indicated across the tops of the figures. W indicates the probe mixed 
with water alone.  The asterisk and double asterisk indicate the migration of the single 
strand probe and homoduplex position respectively. 
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Figure 3.4.  Ethidium bromide stained agarose gel containing amplicons from 
SIV/DeltaB670 clones 3 and 12.  The template copy number and clone number are 
indicated across the top of the gel. The template copy number was calculated based on 
the optical density of the plasmid preparation. The copy number of clone 3 was held 
constant at 1X104 and mixed in  duplicate with dilutions of clone 12 before PCR. MW 
represents the molecular weight marker.  The negative controls are not shown as no PCR 
product was generated. 
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Figure 3.5.  HTA demonstrating the detection limit of one clone.  Plasmids containing 
SIV/DeltaB670 clones 3 and 12 were to the desired concentration based on the optical 
density of the plasmid preparation. The concentration of clone 3 was held constant at 104 

and mixed with clone 12 that was serially diluted to represent from 50% to 1% of the 
mixture, indicated as copy number at the top of the figure. W is the probe with water 
alone, L is a clone ladder with the individual clones identified on the right. The asterisk 
and double asterisk represent the single stand and homoduplex positions respectively. 
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and 1 X 104 copies of clone 3. We were able to reliably amplify 1 X 102 copies as judged 

by ethidium bromide staining of an agarose gel (Figure 3.4). HTA revealed that we could 

reliably detect the variant that represented 10% or greater of the input DNA (Figure 3.5).   

We repeated this experiment using six SIV/DeltaB670 clones (12, 9, 6, 22, 23, 

and 3) to determine if this level of detection was possible with a more complex mixture 

of genotypes.  Clone 6 was diluted to represent 9% and 4.5 % of the HTA reaction 

mixture.  We were not able to reliably detect clone 6 when it represented 4.5% of the 

mixture (Figure 3.6) therefore we determined a clone had represent at least 10% of a 

sample for reliable detection. 

A plasma virus copy number above 103 is required for reliable HTA results. To 

determine the plasma virus copy number a genotypes must represent for reliable detection 

by HTA we performed serial dilutions of four different Delta/B670 clones to mimic 

different copy numbers in vivo.  We demonstrated by HTA that reproducible results were 

obtained when the copy number was greater than 1 X 103.  At this copy number the 

banding patterns of the genotypes were not identical (Figure 3.7). This result could be 

due to the sequence identity between the probe and the inclusion of its identical 

homologue (clone 3) resulting in preferential annealing between these DNA strands to the 

exclusion of the other clones. 
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Figure 3.6. HTA demonstrating that detection of individual genotypes can be lost if the 
variant does not constitute at least 10% of the sample.  SIV/DeltaB670 clone 22 was 
titrated to represent 9% and 4.5 % of the total sample.  The arrow represents the clone 22 
position. The V1-V2 envelope region was amplified from individual plasmids and 
tracked with SIV/DeltaB670 clone 3.  The asterisk and double asterisk indicate the single 
strand probe and homoduplex position respectively. M indicated a mix of the six 
individual clones, clone numbers are given across the top of the gel.  SIV/DeltaB670 
clone 6 is not represented individually but migrates to the position under clone 22. 
 
 
 
 

 
 
 
Figure 3.7.  HTA representative of variable plasma virus loads. Equal copy numbers of 
four plasmids containing SIV/DeltaB670 clones (12, 10, 6, and 3) were mixed to total the 
copy numbers indicated at the top of the figure. The template copy number was 
calculated based on the optical density of the plasmid preparation. The four clones were 
serially diluted to 1/4 of the desired copy number, mixed and amplified by PCR.  The 
asterisk and double asterisk represent the single stand and homoduplex positions 
respectively.  W is the probe with water alone, L is a clone ladder with the individual 
clones identified on the right. 
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Discussion.  

 The ability to monitor virus evolution within an infected host provides us the 

opportunity to potentially correlate genotypic changes with pathogenic events.  

Heretofore this has been an arduous, expensive task requiring the cloning and sequencing 

of a large numbers of samples.  The time and resources involved can limit the analysis 

and result in an incomplete survey.  We have developed the heteroduplex tracking 

analysis (HTA) for use with our SIV isolate, DeltaB670.  This assay has the ability to 

evaluate a large number of samples in a timely manner.   

 The amount of sequence diversity within the V1 region from the SIV/DeltaB670 

clones allowed us to select the viral genotype to track over infection.  The use of clone 3 

provided a clear distinction between genotypes in this analysis. Studies have shown 

sequences differing less than 1.5% (approximately 7 nucleotides in our assay) will form 

heteroduplexes without reduced mobility (75, 329) and clone 3 contains a large deletion 

when compared to the other DeltaB670 genotypes.  The lack of annealing partners is 

believed to cause the unpaired DNA to loop out and cause kinks in the double strand that 

reduce the mobility further than mismatched base pairs (23).  We did not test the clone 3 

probe against all of the genotypes present within an inoculum therefore other genotypes 

may have the identical mobility when duplexed with clone 3.  This result is possible but 

we feel it is unlikely to create a problem because we want to track global changes within 

the virus population rather than individual genotypes.  

Our detection limit for rare variants was 10% as has been previously reported 

(168).  We feel this level of detection is adequate for determining the effects of 

antiretroviral strategies on virus evolution because any genotype representing less than 
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10% of the population does not have a replication advantage over the other genotypes at 

the time of sampling.  We additionally demonstrated that a plasma virus burden of 1 X 

103 was necessary for reliable quasispecies sampling.  

The rapid mutation rate of this virus results in the emergence of variants that are 

able to escape recognition by the host’s immune response thereby limiting the 

effectiveness of the response. The optimization of HTA for use with our primary SIV 

isolate has enabled us to monitor genotypic changes in the virus population in vivo. This 

ability can provide insight into the influence of antiretroviral drug therapy and vaccine 

strategies on virus evolution.  With this knowledge, newer antiretroviral strategies can be 

designed to target specific genotypes that demonstrate an increased fitness or 

pathogenicity. 
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Abstract 

Determining the impact of antiretroviral therapy on virus evolution could advance the 

development of improved therapeutics/vaccines against HIV.  Toward this goal, we 

analyzed virus burden, quasispecies complexity, and T cell responses in SIV/DeltaB670-

infected rhesus macaques +/- treatment for 7 months with PMPA (2-30 weeks post-

infection).  Treatment divided the animals into two groups: poor responders (a reduction 

of <1 log) and responders (> 2 log reduction) in virus burden.  Virus evolution in poor 

responders and untreated controls was characterized by expression of a complex 

quasipecies that evolved as the disease progressed.  This included the universal loss of a 

viral genotype selected against by in vitro passage in monkey cells and selected for by 

propagation in human cells.  In contrast, a good response to PMPA was characterized by 

infection with a less complex quasipecies that evolved more slowly.  Interestingly, in 2 of 

the best responders, the human-preferred genotype persisted until the study was 

discontinued (89 weeks p.i.).  Neither virus burden nor the magnitude of the T cell 

response at 2 weeks post infection predicted PMPA responsiveness.  However, 

responders expressed a less complex quasispecies than nonresponders prior to treatment.  

These data suggest a role for intrinsic host factors in treatment responsiveness, and lend 

support for therapeutic vaccination as an adjunct to effective therapy. 
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Introduction. 

Treatment of HIV infected individuals with one or more drugs that interfere with 

the viral life cycle has provided a significant therapeutic benefit by reducing the clinical 

symptoms and prolonging the life of infected individuals (83, 91, 233),  These therapies 

are not perfect, however, because they do not eradicate the virus (52), and treatment 

fatigue and/or the emergence of drug resistant strains eventually occurs (20, 64) which 

frequently heralds an increase in virus burden and a return of symptoms.  Additonally, 

not all people respond well to therapy (114, 146).  What is needed to offset these 

shortfalls is the development of strategies that, when given in combination, augment the 

effects of therapy, and allow continued control once treatment is terminated.  A better 

understanding of the impact of drug treatment on the virus and how host factors influence 

this process is essential to these efforts.  In infected humans, such studies are confounded 

by the extent of HIV genetic variation and sorting out the multiple selective pressures that 

drive viral evolution.  The exhaustive genetic analysis of HIV strains isolated across the 

globe and longitudinally over time in numerous infected individuals has provided some 

insight into this process.  Foremost in these events is the evolution associated with the 

ongoing adaptation of the virus to replication in the host (“fitness”)(40).  Second, is the 

influence of immune selection of nascent genotypes capable of evading either B (8, 205) 

or T cell immunity (9, 36, 113, 242).  Together, these forces play a collective role in 

driving divergence and diversity in the virus population over time (181, 262). More 

recently, the selection of drug resistant strains as a consequence of long term 

antiretroviral therapy has also impacted HIV evolution.  Drug resistant viruses, however, 

are often poorly competitive with their drug sensitive counterparts and are lost during the 
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viral rebound that follows treatment interruption (84, 85, 148).  Interestingly, the drug 

sensitive genotypes expressed during rebound are often more closely related to viruses 

replicating during early infection (ancestral strains) than the more recently expressed 

drug resistant genotypes.  This finding has promoted the concept of organ and/or cellular 

reservoirs of latent virus that provide a continual source of virus during chronic infection 

(53, 325). 

Similar evolutionary pressures exist in the SIV:macaque model for AIDS as well. 

Evasion of T cell immunity via selection of epitope escape mutants is well described in 

the infected macaque (49, 93, 229) as well as the emergence of drug resistant strains 

during antiretroviral therapy (298).  Adaptation to growth in different species most 

certainly occurs as well.  Many of the virus stocks used today that were originally 

isolated from the Sooty Mangabey monkey, have been extensively passaged in the rhesus 

macaque (67, 79, 214, 269).  SIV is also frequently propagated in human cell lines for use 

in in vitro assays and the preparation of virus stocks for in vivo studies.  This recurrent 

switching of primate hosts provides an ideal environment of genetic instability for SIV 

that promotes a continuous state of viral evolution independent of host immune selection.  

A rapid method for determining the quasispecies complexity within a virus population is 

through the use of a heteroduplex tracking analysis (HTA).  This assay is based on the 

differential migration of duplexed DNA through a highly resolving gel matrix. In this 

report, we used this knowledge and a virus stock whose passage history and genetics are 

known (16) to provide insight into lentiviral virus:host:drug interactions by analyzing the 

virological response to monotherapy with the nucleotide analog (R)-9-(2-

phosphonomethoxypropyl) adenine (PMPA). 
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Materials and Methods 

V1-V2 env PCR amplification. The V1-V2 region of the envelope gene was 

amplified from plasma derived cDNA to monitor viral evoluation.  Nested PCR reactions 

were initiated immediately following completion of the duplicate reverse transcription 

reactions.  A 30 μl PCR master mix containing 1 X PCR buffer II, 2 mM MgCl2, 2.5 U 

Amplitaq Gold (Perkin Elmer, Wellesley, MA), 200 mM dNTPs, and 20 pmol each of the 

first round primers was added directly to the reverse transcription reactions.  The first 

round primers were 5'-AGG-AAT-GCG-ACA-ATT-CCC-CT-3' (SIVmac239 nucleotides 

6709 to 6728) and 5'-TCC-ATC-ATC-CTT-GTG-CAT-GAA-3' (nucleotides 7406 to 

7385).  The amplifications were carried out in an Applied Biosystems Gene Amp PCR 

System 9700 (Foster City, CA) by heating at 95 °C for 10 min, followed by 27 cycles of 

95 °C for 15 sec, 55 °C for 15 sec and 72 °C for 30 sec.  The 100 μl second round 

reaction was carried out with 2 μl of the first round reaction, 1 X HotMaster Taq Buffer 

with Mg2+, 200 mM dNTPs 20 pmol each second round primer and 3 U HotMaster Taq 

DNA Polymerase (Eppendorf, Hamburg, Germany).  The amplification was initiated by 

heating at 95 °C for 2 min and completed using the first round cycling parameters.  The 

second round primers were 5'-CAG-TCA-CAG-AAC-AGG-CAA-TAG-A-3' 

(SIVmac239 nucleotides 6845 to 6868) and 5'-TAA-GCA-AAG-CATAAC-CT-GCG-

GT-3' (nucleotides 7305 to 7327).   PCR products from duplicate positive reactions were 

pooled and the resulting 480-bp fragments were used in either the tracking analysis or 

cloned for sequencing.  

Rhesus macaques.  Macaques were maintained in accordance with the NIH 

Guide to the Care and Use of Laboratory Animals under the approval of the University of 
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Pittsburgh Institutional Animal Care and Use review committee.  The University of 

Pittsburgh is accredited by the American Association for the Accreditation of Laboratory 

Animal Care International.  These animals were part of a larger cohort of animals used in 

a therapeutic vaccine trial (102).  The Mamu class I haplotype was determined by PCR-

SSP and direct sequencing as previously described (153). 

Viral challenge.  Macaques were fasted for 12 hours, sedated with ketamine and 

challenged intravenously with 1 ml of RPMI containing 10-100 TCID50 of cryopreserved 

SIV/DeltaB670.  Clinical status was monitored by complete blood cell counts and 

physical examination consisting of palpation of peripheral lymph nodes and spleen and 

monitoring for signs of opportunistic infections.  CD4+ T cell counts were measured by 

flow cytometry after staining of whole blood as described (190). 

Anti-retroviral therapy.   Rhesus macaques received daily subcutaneous 

injections of the anti-retroviral (R)-9-(2-phosphonylmethoxypropyl)adenine (PMPA) 

(Gilead Biosciences, Foster City, CA) at a dosage of 20 mg/kg starting 2 weeks after 

infection.  Treatment was continued without interruption for 28 weeks and then 

discontinued to monitor the effects of therapy on viral rebound and progression to 

disease.   

In vitro propagation.  The original stock of SIV/DeltaB670 consisted of the 

culture supernatant derived from co-cultivation of a lymph node homogenate from 

monkey B670 with rhesus monkey PHA blasts (214) passage, the cells were washed and 

resuspended in fresh medium on day 11 post infection, and the supernatant harvested 

three days later for genetic analysis.   

 56



Virus obtained from the second passage was used to inoculate the monkeys in the 

study and for passage in CEMX174 cells.  One million CEMX174 cells were inoculated 

with 100 TCID50 of the second passage, the cells subcultured every 3 days.  The culture 

supernatant used for genetic analysis was harvested 21 days post infection.  

Reverse transcription.  Synthesis of cDNA was performed in duplicate reactions 

containing 5 MgCl, 1 X PCR buffer II, 0.75 mM dGTP, 0.75 mM dATP, 0.75 mM dCTP, 

0.75 mM dTTP, 1 U RNase inhibitor, 1.2 U MULV reverse transcriptase (RT), 2.5 μM 

random hexamers using10% of the total viral RNA obtained from high speed plasma 

pellets.  Samples were incubated at room temperature for 10 minutes, followed by 42 °C 

for 12 min, and the reaction terminated by heating at 99 °C for 5 min.  Samples were 

cooled to 4 °C prior to PCR amplification.   

Plasma viral loads.   Virion-associated RNA in plasma was quantified by real-

time RT-PCR using 10% of total RNA in a Prism 7700 (Applied Biosystems, Inc., Foster 

City, CA) using primers specific for the viral long terminal repeat as described (101).  

This assay is linear over an 8-log range of template copy number and has a sensitivity 

threshold of 10 copies/reaction.  Control amplifications of samples omitting reverse 

transcriptase yielded negative results.  RNA copy numbers from the unknown plasma 

samples were calculated from a similarly amplified external standard and expressed as 

RNA copies/ml plasma. 

Pol PCR amplification and sequencing.   Nucleotides 2985 to 3140 of the 

polymerase gene were amplified from viral cDNA in duplicate nested PCR reactions as 

previously described (184), with the exception that HotMaster Taq DNA polymerase was 
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used for amplification (Eppendorf, Hamburg, Germany) using 10% of total RNA.   PCR 

resulted in a 156-bp fragment encoding RT amino acids 52 to 90.  

Heteroduplex tracking assay.   Nucleotide changes in the V1-V2 region of env 

were monitored using a heteroduplex tracking assay (HTA).  HTA was performed using 

the following modifications of the procedure originally described by Delwart and Gordon 

(76).  The PCR reactions were pooled, gel purified (QIAEX II gel extraction kit, QIAgen, 

Valencia, CA) and eluted in 50 μL water.  Amplification and gel purification was 

repeated using 1 ng of the gel purified product as starting material.   

The radiolabeled probe was generated by asymmetric amplification of 10 ng of 

the gel purified product in a 100 μL reaction using only the second round forward primer.  

The cycling conditions were: 1 X PCR buffer II, 50 mM MgCl2 0.75 mM dCTP, 0.75 

mM dTTP, 0.75 mM dGTP, 1:6 diluted dATP, 10 μCi 32P dATP, 2.5 U Amplitaq gold.  

The resulting radiolabeled single strand probe was subjected to electrophoresis at 60 mV 

for approximately 3 hours, visualized by autoradiography, excised, gel purified, and 

stored at –20 °C until use.  

Fifteen μl of pooled V1-V2 PCR products were individually mixed with 5 μl of a 

master mix containing 1 μl of radiolabeled single strand probe, 2 μl HTA buffer (1 M 

NaCl, 100 mM Tris, pH 7.4, 20 mM EDTA) and 2 μl water.  The mixture was heated to 

93 °C for 3 min and immediately placed on ice.  The duplexed DNA was subjected to 

electrophoresis in 5% MDE (Cambrex Bio Science, Rockland, ME) in 1X TBE buffer (1 

M NaCl2, 100 mM Tris pH 7.5, 20 mM EDTA) at 300 V for 3.5h.  The gel was dried and 

the bands were visualized by autoradiography.   
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Sequence analysis.  Duplicate PCR reactions were pooled and the resulting 

fragments cloned into the pcDNA3.1/V5-HIS-TOPO TA cloning vector (Invitrogen, 

Carlsbad, CA) for sequencing.  Five to 20 clones were randomly selected and sequenced 

in an ABI 370 automated DNA sequencer (Applied Biosystems).  Alignment of the 

sequences was performed using CLUSTAL X (284). 

Estimation of potential N-linked and O-linked glycosylation sites.  V1-V2 

sequences were analyzed for potential N-linked glycosylation sites by visual inspection 

for the sequence motif NXT/S.  Potential O-linked sites were determined using the 

program NetOGlyc (available at http://www.cbs.dtu.dk/services/NetOGlyc-2.0/ (121).  

All potential O-linked sites with a G-score above 0.5 were included in the analysis.  No 

sites (S or T residues) were found to have a prediction above 0.758.   The potential 

glycosylation sites in the inoculum were determined using the published sequences for 

SIV/DeltaB670 (16)  

Proliferation assay.  Virus-specific T cell proliferative responses following 

stimulation with whole SIV gag (Trinity Biosciences, Frederick, MD) and tat (kind gift, 

Dr. David Watkins, University of Wisconsin) recombinant proteins were measured as 

previously described (102).  

IFN-γ ELISPOT Assay.  SIV-specific CD8+ T cells secreting IFN-γ were 

enumerated by ELISPOT following stimulation with a synthetic epitope peptide (QCB, 

Hopkinton, MA) or Gag and Tat peptides pools consisting of 15-mers overalapping by 11 

amino acids (Chiron, Emeryville, CA) as previously described (102).  

Statistical analysis.  Data from the untreated, poor responders and responders  
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were compared by the Mann-Whitney U test.  All P values reported are two-sided.  In all 

cases, P < 0.05 was considered significant.  
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Results  

Study Design. Virus burden, quasispecies evolution, and SIV-specific T cell 

responses were evaluated in twelve SIV/DeltaB670 infected rhesus macaques temporally 

treated with PMPA to identify factors associated with the response to treatment and 

rebound after treatment interruption.  SIV/DeltaB670 is a primary virulent isolate that 

causes AIDS in macaques with a mean time to death of 11 months (261).  Treatment was 

initiated at 14 days post inoculation (pi) in 8 monkeys and continued for a period of 28 

weeks at which time it was discontinued.  The remaining 4 animals served as untreated 

infected controls.  

Treatment was initiated during acute infection because SIV infection in macaques 

is more aggressive and causes death more rapidly than HIV in humans (197, 276, 309).  

Thus, this schedule should mimic the effects of initiating HAART during later stages of 

infection in HIV infected patients.  A single drug was employed for this study because a 

cocktail of drugs administered during acute infection with SIVmac251 prevented viral 

rebound in some of the animals after treatment was withdrawn (125) and it was 

imperative for this study that viral rebound occur after discontinuation of the drug. 

Clinical disease course.  The disease course in these animals is summarized in 

Table 1.  As expected, all four untreated infection controls died by 474 days pi with an 

AIDS-defining illness.  Twenty-eight weeks of PMPA therapy significantly prolonged 

survival in the treated group (P = 0.048, Mann-Whitney U, two-tailed) with only two of 

these animals dying of AIDS within this timeframe.  The six surviving monkeys were 

sacrificed for tissue collection 589-664 days pi. 
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TABLE 1.  Study Outcome of SIV/DeltaB670 Infected Untreated and PMPA Treateda Animals 

Group Animal 
Number 

Survival 
(Days) 

Mamu Haplotype Cause of Death 

Untreated control M11599 101 A*08,B*03 CMV pneumonia 
 M10699 474 A*08 SIV giant cells in lung 
 M10399 360 A*02 Meningitis 
 M4599 365 B*01, B*03 PCP pneumonia, 

cryptosporidium 
PMPA, poor 

responder 
M10899 240 B*01 CMV, Lymphosarcoma 

 M9699 589b A*01, A*02 Euthanasia 
 M11399 394 Unknownc Lymphosarcoma, meningitis 
 M12499 664 b A*01, A*02 Euthanasia 

PMPA, responder M10999 636 b Unknownc Euthanasia 
 M9099 662 b A*01 Euthanasia 
 M9799 660 b A*08,B*01, B*03 Euthanasia 
 M13799 664 b A*01,B*01, B*03 Euthanasia 

a Daily PMPA treatment (20 mg/kg) initiated 14 days pi, continued six months then withdrawn 
b Scheduled sacrifice 

 
c Haplotype was not Mamu; A*01, A*02, A*08,  A*11, B*01, B*03, B*04, B*17 

 

Because recent reports had shown that lower viral loads and disease resistance 

were associated with the Mamu-A*01 class I allele in monkeys infected with SIVmac239 

(211, 232).  Among these animals, there was no apparent influence of this allele on either 

survival or virus burden and drug responsiveness (see below).  This result is consistent 

with the observations of a larger cohort of Mamu-A*01 positive animals infected with 

SIV/DeltaB670 (102) and suggests that the Mamu-A*01 effect on disease may be 

dependent on the viral isolate employed. 

Virus burden. The virus burden in untreated infected controls was typical of 

SIV/DeltaB670 infected rhesus macaques, with peak virus loads of 106-108 RNA 

copies/ml by 14 days pi followed by a decline to a setpoint by 4-8 weeks pi of 105 – 107 

RNA copies/ml and a plasma virus burden above 105 RNA copies/ml during chronic  
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Figure 4.1. Plasma virus load for infected untreated (a) and PMPA-treated animals (b, 
poor responders and c, responders) over time postinoculation. Untreated animals (a) 
are represented as progressors (grey lines) or long-term nonprogressors [LTNPs (black 
lines)]. The vertical line represents the average plasma virus burden from LTNPs (104 
copies/ml). Animals were designated as treatment poor responders (b) or responders (c) 
based on maintenance of an average virus load during treatment to or below that of an 
LTNP. Plasma was serially sampled and virus copy number/ml plasma was calculated by 
real-time RT-PCR. Cutoff for the assay was 10 copies/ml.  Boxed area represents 
treatment period (weeks 2–30 postinfection). 
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infection (Figure 4.1a).  These levels are in contrast to that observed in long-term 

nonprogressors (LTNP) infected with SIV/Deltab670 where the virus burden during  

chronic infection remains at or below 104 RNA copies/ml (Figure 1a).  Because LTNP 

typically live for long periods in a clinically asymptomatic state, this value was used as 

an efficacious endpoint for therapy.   

The virologic response to PMPA varied significantly among the animals, with 

half of the animals responding poorly to treatment (poor responders: Figure 4.1b) and 

half responding well (responders: Figure  4.1c).  In poor responders the virus burden 

declined to one log or less than that observed in untreated controls, with the virus load in 

one animal rebounding during therapy.  These values were not significantly different 

from that in the untreated controls (P = 0.39, Mann-Whitney U, two-tailed).  These 

results are in contrast to those obtained in the 4 responder monkeys where the virus loads  

were reduced to or below the levels typically observed in LTNP monkeys (responders; 

Figure 4.1c).  PMPA therapy in three of these animals further reduced the virus burden 

below our detection limit, an outcome we have not seen in untreated SIV/DeltaB670-

infected macaques (unpublished).  These values were significantly lower than those 

observed in untreated controls (P = 0.029, Mann-Whitney U, two-tailed).  Although a 

similar dichotomy in response to therapy has been observed in HIV-infected humans 

(114, 146), the differences observed in our study were surprising given that the virus  

inoculum and PMPA dose were the same, and the interval between infection and 

initiation of therapy remained constant. 

Discontinuation of PMPA treatment at 30 weeks p.i. eventually resulted in viral 

rebound in all eight animals.  The post-therapy virus burden, however, differed between  
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Figure 4.2. Number of clones expressing wild type or drug resistant reverse transcriptase 
(RT) from plasma virus. A portion of the reverse transcriptase gene was amplified from 
plasma viral cDNA at the indicated time postinoculation and sequenced. Black bars 
represent wild type RT, grey bars represent RT containing the K65R mutation, and white 
bars represent RT with both K65R and the compensatory N69S/T mutation. 
 
 

 
 
 
Figure 4.3. HTA of V1-V2 region from: lane 1, viral cDNA from SIV/DeltaB670 
passaged in primary rhesus PBMCs in vitro; lane 2, viral cDNA isolated and 
amplified from an SIV/DeltaB670 inoculum; lane 3, viral cDNA from in vitro 
passage in human T cell line (CEMx174); lane 4, probe alone; lane 5, V1-V2 
amplified from plasmids containing the indicated clones and combined. 
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responders and poor responders, with the values at weeks 32 and 34 achieving statistical 

significance (P = 0.03, Mann-Whitney U, two-tailed).  When compared to the values 

observed in untreated controls, the virus burden in the poor responders was not 

significantly different even though virus rebounded in three of these animals soon after 

treatment interruption (Figure 4.1b).  These results are in contrast to that observed in the 

PMPA responders which remained below 105 in three animals for over a year after 

treatment was withdrawn.  Virus eventually rebounded in one responder animal (M9799) 

10 weeks after treatment interruption to a level achieved in untreated animals. 

Evolution of PMPA resistance.  In previous studies with PMPA treated macaques 

infected with SIVmac251, a lysine to arginine substitution at amino acid 65 was 

identified in the pol gene that conferred a 5-fold resistance to PMPA in vitro (298), but 

these were believed to be involved in increasing viral fitness because these mutations 

were not associated with increased drug resistance.  The nucleotide sequence of this 

region was therefore serially monitored in this study in one untreated control (M10399), 

three poor responders (M11399, M9699, and M12499), and the PMPA responder animal 

(M9799) that rebounded above 105 copies/ml to determine the relationship of drug 

responsiveness and PMPA resistance (Figure 4.2).  With the exception of one clone, only 

the wildtype PMPA sensitive genotype was detected during acute infection in any of the 

animals.  During therapy, however, resistance mutations readily dominated the infection 

of all three poor responders.  These changes included not only the K65R primary 

resistance mutation, but also a N69S/T mutation (298).  Interestingly, the K65 and 

N69S/T mutations became fixed in the virus population in all three of these animals, and 

remained as the dominant genotype 16 months after discontinuation of the drug.  In 
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contrast, these mutations were only transiently detected in the responder animal M9799.  

By 58 weeks pi, only the wild type sequence could be detected even though the virus 

burden had rebounded to the level achieved in untreated animals. 

In vitro characterization of replication fitness of SIV/DeltaB670 genotypes in 

human and macaque cells.  Heteroduplex tracking analysis (HTA) was employed for 

analysis of the viral quasispecies due to its proven utility in epidemiologic studies to 

distinguish between multiple HIV (75, 78) and SIV (115, 251) genotypes, and the ease 

with which a large number of samples can be analyzed.  The V1-V2 region of env served 

as the target for these assays because it is the most hypervariable region of the genome 

(231) and thus should provide a sensitive indicator of viral evolution.  The 

SIV/DeltaB670 stock used for these experiments is comprised of over 50 replication 

competent genotypes as defined by sequence heterogeneity in V1-V2 (16)( Figure 4.3, 

lane 2), with 2 genotypes, B670 clones 3 and 12, dominating [62 and 10%, respectively; 

(252)].  A single passage in CEMX174 cells, a T cell line of human origin that is highly 

permissive for replication of SIV, resulted in the selection of only B670 clone 3 (Figure  

4.3b, lane 3).  In contrast, three successive passages in rhesus primary PBMC resulted in 

the selective outgrowth of only the B670 clone 12 genotype (Figure 4.3b, lane 1).  These 

results were confirmed by sequence analysis of over 30 cloned PCR fragments derived 

from a pool of multiple PCR reactions of each sample (data not shown).  As predicted 

from our in vitro observations, direct serial monkey-to-monkey passage of this stock in 

rhesus macaques clonally selected for B670 clone 12 (129).  Infection of macaques with 

passaged virus was associated with higher virus loads, faster disease progression, and 

shortened survival.  Together, these data demonstrate that propagation of SIV/DeltaB670 
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in human and macaque cells is associated with selective, rapid outgrowth of genotypes 

specific for each host.  Loss of the B670 clone 3 genotype by passage in macaque cells 

or, conversely, selection of this genotype by passage in human cells, provides a dramatic 

display of the selective forces within each species that drive viral divergence independent 

of immune selection.  

Viral genetic evolution in vivo.  The selection of specific genotypes made 

apparent by our in vitro studies prompted us to evaluate the impact of PMPA therapy on 

this process in vivo.  Using the B670 clone 3 as the probe, HTA was performed on cDNA 

from longitudinal plasma samples from all the animals in the study.  In untreated 

macaques, intravenous inoculation with the primary stock resulted in variable patterns of 

expression of multiple genotypes clearly discernable at 1 week pi, with either one or both 

of the dominant variants (B670 clones 3 and 12), among others, detected (Figure 4.4).  As 

expected from our in vitro experiments, by 30 weeks p.i, the B670 clone 3 genotype was  

lost in all of the animals.  By 10 weeks pi, changes in the quasispecies were additionally 

visible in three of the animals, with the appearance of new genotypes observed in some 

(M10399 and M10699, Figure 4.4 b and c) and shifts in the dominant genotype observed 

in others (M11599 and M4599, Figure 4.4a and c).  As time progressed, the quasispecies 

became more complex, with multiple new genotypes expressed at the terminal stages of 

the disease.  The one exception to this pattern was M11599 (Figure 4.4a) where the loss 

of B670 clone 3 was the only major change observed.  This observation was not 

unexpected given that this animal exhibited a “crash and burn” phenotype characterized 

by a high persistent virus burden, rapid disease progression, and shortened survival (324).  

Animals exhibiting this phenotype fail to mount an immune response to SIV and are thus  
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Figure 4.4. HTA of plasma virus cDNA derived V1–V2 envelope region sequences from 
SIV/DeltaB670-infected, untreated macaques. Numbers along the bottom indicate week 
postinoculation. The last week is the necropsy sample. The V1–V2 envelope region was 
amplified by nested PCR. The resulting amplicons were hybridized to a SIV/DeltaB670 
clone 3 V1-V2 radiolabeled probe as described to track changes in this region. The 
asterisk and double asterisk indicate single strand probe and homoduplex positions 
respectively. The top two bands in each lane are PCR remnants and are not included in 
the enumeration of variants. (a) M11599; (b) M10699; (c) M10399; (d) M4599. 
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presumably unable to drive evolution by immune selection.  Phylogenetic analysis of V1 

sequences obtained over time in representative animals confirmed that the emergence of 

new genotypes revealed by HTA was indeed in part due to evolution of the input virus 

(data not shown).  

Macaques that responded poorly to PMPA (Figure 4.5) showed a pattern similar 

to that observed in untreated animals.  Multiple genotypes were detected during acute 

infection, and an increase in the complexity of the quasispecies occurred as the disease 

progressed.  This was particularly evident after the discontinuation of PMPA. Loss of the 

B670 clone 3 genotype was also apparent.  It is interesting to note that in two of these 

animals a major shift in the dominant genotype present in plasma was observed 24 weeks 

pi (monkeys 9699 and 11399, panels b and c, respectively).  Like that seen in HIV 

infected humans, these data are consistent with the presence of a cellular or organ 

reservoir that served as a source for this genotype.  However, the changes observed did 

not appear to be associated with either the emergence of PMPA resistance or the 

discontinuation of therapy because resistant genotypes had emerged before this time 

(Figure 4.2) and treatment was not terminated until 30 weeks pi.   

Monkeys that responded to PMPA exhibited notable differences when compared 

to poor responders or untreated controls (Figure 4.6).  First, in three of these animals 

(M13799, M9799, and M9099; Figure 4.6b, c and d, respectively) the quasispecies 

appeared to be less complex.  Second, as would be expected by the significant reduction 

in virus burden associated with effective antiretroviral therapy, virus evolution appeared 

to progress more slowly as evidenced by continued expression of a relatively unchanged 

quasispecies.  The most striking example of a slowing in virus evolution was the  
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Figure 4.5. HTA of plasma virus cDNA derived V1–V2 envelope region sequences from 
SIV/DeltaB670-infected, PMPA-treated poor drug responder macaques. Numbers 
along the bottom indicate week postinoculation. Daily PMPA treatment was initiated 2 
weeks pi and continued for 28 weeks. Boxed area represents samples collected during 
therapy. The last week is the necropsy sample. The asterisk and double asterisk indicate 
single strand probe and homoduplex positions respectively. The top two bands in each 
lane are PCR remnants and are not included in the enumeration of variants. (a) M10899; 
(b) M9699; (c) M11399; (d) M12499. 
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Figure 4.6. HTA of plasma virus cDNA derived V1-V2 envelope region sequences from 
SIV/DeltaB670-infected, PMPA-treated responder macaques. Boxed area represents 
samples collected during therapy. Numbers along the bottom indicate week post 
inoculation. The last week is the necropsy sample for panels b, c, and d. The necropsy 
sample for panel a is not shown, however, was indistinguishable from the week 83 
sample. The asterisk and double asterisk indicate single strand probe and homoduplex 
positions, respectively. The top two bands in each lane are PCR remnants and were not 
included in the enumeration of variants. (a) M10999; (b) M113799; (c) M9799; (d) 
M9099. 
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persistence of the B670 clone 3 genotype in two of the animals (monkeys 9799 and 9099; 

Figure 6 panels c and d, respectively).  The limited template copy number of some of the 

samples analyzed does not fully explain this result because one monkey clonally infected 

with the B670 clone 3 genotype (M9799) rebounded to 106 copies/ml without a visible 

change in the HTA.  These data demonstrate that not only did effective therapy 

apparently slow immune escape, it also affected viral adaptation by preventing the loss of 

a genotype that was poorly fit for replication in macaques.  These findings are of 

particular interest because they suggest that virus can be more easily contained by 

adjunctive immunotherapy in individuals who respond well to antiretroviral therapy. 

 N and O-linked V1-V2 glycosylation sites during infection/therapy.  The 

acquisition of potential N-linked glycosylation sites in the V1-V2 regions of both HIV-1 

and SIV during the course of disease progression has been implicated in the evasion of 

neutralizing antibody (48, 155, 310), two poor responders (M11399 and M12499) and the 

PMPA responder that rebounded after therapy (M9799) to determine the impact of 

infection and therapy on glycosylation of the SIV/DeltaB670 env (Figure 4.7).  Two 

potential N-linked glycosylation sites were identified in the V2 region of SIV/DeltaB670; 

both of these sites were completely conserved among all animals and timepoints analyzed 

(data not shown).  Three conserved N-linked glycosylation sites and a variable fourth site 

at position 14 were also identified in V1 (Figure 4.7).  A comparison of samples from 

early vs. late time points in untreated and poor responders failed to reveal a consistent 

pattern of change affecting glycosylation at this position.  As expected, fewer changes in 

position 14 were observed in the responder monkey M9799.  However, unlike that seen 

in the other animals, genotypes at some of the last time points analyzed had lost the last  
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Figure 4.7. Amino acid sequence alignment of the envelope V1 region from untreated 
and PMPA-treated animals. The V1 region was amplified from viral cDNA at indicated 
times postinoculation, cloned, sequenced, and aligned with the SIV/DeltaB670 clone 3 
consensus (shown in bold). The animal number is preceded by an M, week postexposure 
is indicated. Dashes indicate identity to clone 3 while dots indicate spaces inserted to aid 
in alignment. The number of identical clones is given at the end of the sequence. 
Potential N-linked glycosylation sites are underlined, and acquired potential O-linked 
glycosylation sites are in bold. The loss of potential Nlinked glycosylation sites is 
indicated in lower case bold lettering (M9799). 
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Figure 4.8. Postinfection SIV-specific lymphoproliferative (LPR) (a) and CD8+ T cell 
responses (b) in untreated naive macaques (top panels), PMPA poor responders (middle 
panels), and PMPA responders (bottom panels). Shown are individual responses in each 
animal. SIV-specific LPR was measured following stimulation of freshly isolated PBMC 
with whole Gag and Tat proteins. SIV-specific CD8+ T cell responses were measured by 
ELISPOT following stimulation of CD4+ T celldepleted PBMC with overlapping peptide 
pools encompassing SIV Gag and Tat and 8 representative CTL epitopes conserved in the 
challenge strain and frequently recognized in Mamu-A*01 positive SIV-infected 
macaques (10). 
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potential glycosylation site in V1.  Although the significance of this observation is 

unknown at present, it is intriguing to speculate that this change may be critical to the 

increase in virus burden observed in this animal, either by providing antibody escape or 

enhancing fitness.  It is notable that, although a direct relationship between function and 

O-linked glycosylation has not been shown, the hypervariability found in the V1 region 

identified during infection and disease progression also had a major impact on O-linked 

glycosylation residues.  

Effect of T cell responses on virus evolution.  To determine the association of 

virus evolution to SIV-specific T cell responses, the magnitude and breadth of the CD4+ 

and CD8+ T cell responses were monitored over the course of the study by T cell 

proliferation and gamma interferon ELISPOT, respectively (Figure 4.8).  As expected, 

virus-specific CD4 and CD8 responses were undetectable in the “crash and burn” animal 

M11599 throughout infection.  The ability to mount a T cell response during therapy 

varied widely among the other animals in the study.  After treatment interruption, CD8+ 

T cell responses increased significantly in PMPA responders, a finding that confirms the 

maintenance of T cell memory responses in this group.  Predictably, the poorest CD8+ 

response was observed in the responder animal infected with the most complex  

quasispecies (M10999).  The differences in the magnitude of the T cell responses 

observed were not associated with a consistent change in the viral quasispecies, however.  

Analysis of the breadth of the CD8+ T cell responses was further evaluated in the 

four Mamu-A*01 animals (2 poor responders and 2 responders; Figure 4.9).  Although 

both poor responders and responders recognized little more than the immunodominant 

CM9 epitope (12) during therapy, the repertoire of recognized epitopes increased in the  

 76



Figure 4.9. The breadth of the CD8+ T cell response in each Mamu-A*01 positive 
animals. Shown is the relative contribution of each of the 8 indicated Mamu-A*01 
restricted epitopes to the total response measured during the treatment period (weeks 2, 
14), and after PMPA was withdrawn (weeks 32, 50, 79, 87). 
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two Mamu-A*01 drug responders after treatment interruption.  In one of these animals 

(M13799), the increase in the breadth of epitope recognition was associated with an 

increase in the viral quasispecies complexity.  However, in the second animal (M9099), a 

shift in epitope recognition occurred without a detectable change in the quasispecies.  

Factors associated with response to PMPA.  It was clear from these studies that 

SIV/DeltaB670-infected monkeys differed with respect to their response to PMPA and, 

not surprisingly, a robust response to PMPA correlated with prolonged survival and 

maintenance of T cell function.  Because treatment was initiated during acute infection 

with the same high dose stock in all of the animals, we sought to determine factors that  

were present prior to treatment that may have played a role in drug responsiveness. 

Although the parameters varied among the animals, no difference in virus burden (Figure 

10a) or magnitude of SIV-specific CD4+ (Figure 10b) and CD8+ T cell responses (Figure 

10c) that were present on the day therapy was initiated (2 weeks post-infection) were 

identified.  However, the quasispecies expressed during the primary infection appeared 

less complex in responders than that observed in the poor responders, even though both 

groups were inoculated intravenously with the same stock (Figure 10d).  Although the 

difference between the two groups fell short of statistical significance due to the small 

number of animals in each group (P = 0.057 Mann-Whitney U, two-tailed), these results 

imply that the virologic response to PMPA may be influenced by the degree of viral 

complexity that existed prior to treatment.    
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Figure 4.10. Comparisons of SIV-specific lymphoproliferative responses (a), CD8+ 
T cell responses (b), plasma virus copy number (c), and the number of viral variants (d) 
present prior to treatment. Individual values obtained at 2 weeks pi for poor responders 
(left most bars) and responders (right most bars) are shown. Statistical comparisons of the 
geometric mean values are reported in the figure as the P value. Statistical analysis of the 
proliferative response was calculated using 3 poor responders because results for M12499 
were not available. The number of viral variants discernable 2 weeks pi was determined 
visually. Statistical analyses performed by Mann–Whitney U test, two-tailed analyses. 
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Discussion. 

 evolution was examined in SIV/DeltaB670-infected rhesus macaques 

underg

 

 

issection 

 

 

r 

l 

 

 

Virus

oing antiretroviral therapy with PMPA. We focused on the V1-V2 region of env 

for these studies because it is the most hypervariable region in SIV (231) and has been 

highly informative in our hands in identifying the phenotypic properties of specific 

genotypes (16, 252, 287).  Because all of the monkeys were inoculated intravenously

with the same well characterized virus stock (16) and received identical treatment, this

study provided a unique opportunity to characterize not only the virologic and 

immunologic parameters associated with drug responsiveness, it also enabled d

of the impact of host adaptation and immune escape on this process.  The latter studies 

are important because understanding how the virus responds to therapy at the molecular

level would greatly aid in the design of adjunctive therapies that could enhance control of

virus during treatment and promote continued control once treatment is discontinued.  

Host adaptation drives virus evolution independent of immune pressures by selecting fo

genotypes with greater replication fitness (and consequently, increased virulence; (150).  

Distinguishing between the two evolutionary pressures should provide important insight 

in evaluating drug efficacy because the ideal antiretroviral agent should not only reduce 

virus burden and thereby reduce the rate of immune escape, it should also suppress the 

emergence of more virulent genotypes.  In our study, we were able to provide additiona

insight into host adaptation by identifying genotypes in the SIV/DeltaB670 quasispecies 

selected for by passage in human versus primate cells in vitro.  A single passage of the 

primary stock of SIV/DeltaB670 in human cells resulted in a clonal infection with B670

clone 3.  Conversely, B670 clone 12 was selected for by serial in vitro passage in monkey
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PBMC.  Not surprisingly, a common feature of the infection in untreated animals and 

poor responders was the universal loss of the B670 clone 3 genotype.  Loss of this 

genotype as a result of poor replication fitness represents a unique example of viral

divergence associated with adaptation to the host that is independent of immune esca

Monkeys were divided into drug responders (>1 log reduction in virus burden) 

 

pe.  

and poor responders (a reduction of <1 log) when compared to untreated infected 

controls.  Serial HTA of virion cDNA revealed significant changes in expression o

SIV/DeltaB670 quasispecies associated with chronic infection and treatment.  Virus 

infection in poor responders paralleled that of untreated controls, with the initial infec

characterized by expression of a complex quasispecies that changed during disease 

progression.  Virus evolution was readily apparent by the appearance and disappeara

of new genotypes in both poor responders and untreated animals over time.  These 

findings were not surprising because they were consistent with previous reports 

describing evolution driven by escape from B and T cell immunity known to occ

both SIV (11, 48) and HIV (155, 310) hosts.  What has not yet been previously clear, 

however, is the contribution of host adaptation to this process. 

Responders expressed a less complex quasispecies that 

f the 

tion 

nce 

ur in 

remained more constant 

over th

 

ained 

over a year after treatment was stopped.  

e course of infection and treatment.  These findings were most dramatically 

depicted in the three monkeys whose virus loads were reduced below the level of 

detection as a result of therapy.  Importantly, not only was the emergence of novel

genotypes less frequent, but the poorly fit “humanized” B670 clone 3 genotype rem

as the dominant genotype expressed in two of these animals until the end of the study, 
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Regardless of the response to therapy, viral rebound was observed in all animals

after treatment was stopped.  Surprisingly

 

, this event was not associated with the 

emerge t 

lly 

ed 

 

nders affected sequences associated 

with an  

lation 

 

hat persisted 

in the f py in 

nce of novel genotypes like that observed in some HIV+ patients during treatmen

interruption (53, 89).  Cessation of HAART in these individuals, however, is usua

accompanied by the emergence of drug sensitive virus with greater replication fitness 

than the drug-resistant predecessors.  In our studies, PMPA resistance mutants remain

fixed in the population in the poor responders, a condition that may not have allowed a

clear window with which to observe these effects. 

Changes in the V1-V2 sequence were also analyzed to determine whether the 

suppression in virus evolution observed in the respo

tibody escape.  V1-V2 sequence analysis reflected that observed by HTA, with

the responder animal showing little change in this region during the course of the 

infection.  Interestingly, the V1-V2 evolution observed in the poor responders and 

untreated controls did not consistently result in the acquisition of N-linked glycosy

sites.  Rather, similar to the observations of Courgnaud et.al. (67) who examined 

adaptation of sooty mangabey propagated virus during passage in rhesus macaques, the 

V1 changes observed in our study appeared to have a greater impact on O-linked 

glycosylation sequences associated with a hotspot for insertions/deletions. 

The emergence of the K65R/N69S/T pol mutations associated with PMPA

resistance was also examined.  As expected for the high rate of replication t

ace of therapy, mutant genotypes readily emerged during the course of thera

the poor responders.  Interestingly, these mutations became fixed in the population in 

these animals and remained as the dominant genotype a year after treatment was 
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interrupted.  In contrast, as expected by the slower rate of replication associated with d

responsiveness, this genotype was slow to emerge in the responder animal and wa

after treatment was discontinued.   

An examination of the impact of SIV-specific T cell responses on virus evolution

was also examined.  No significant 

rug 

s lost 

 

difference in either the magnitude or the breadth of 

the T c

r 

T cell 

ell 

 

rol 

rus-

 

 

sent 

ell response was observed in responders and poor responders during therapy.  

However, a significant change in these responses became apparent in the responders afte

treatment was stopped.  Interestingly, the increase in the breadth of the epitope 

recognition observed in one of the animals was not associated with a visible change in the 

viral quasispecies.  Although the V1-V2 region was not directly involved in the 

epitopes recognized in this animal, one would predict that effective T cell-mediated 

control of replicating virus would select for escape variants that would be identified by 

their own V1-V2 sequence.  These data suggest that changes in the breadth of the T c

response do not always parallel that of virus evolution and that accurate assessment of a

functional role of T cell immunity should include not only analysis of the T epitope 

responses but analysis of the viral sequence encoding these epitopes as well.  Our 

findings are nevertheless consistent with previous observations in that virologic cont

associated with drug therapy, in general, coincides with the ability to maintain a vi

specific T cell response (108, 177, 301).  Further, effective therapy can have a long-term

impact on the maintenance of the host’s T cell immunity even after it is withdrawn, and

support the hypothesis that an effective means of immune evasion is rapid evolution. 

The dramatically different response to PMPA observed among the animals 

prompted us to examine both immunological and virological parameters that were pre
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prior to ent 

 

t 

n 

e 

 

 in 

 

 the initiation of therapy to identify factors that would be predictive of treatm

responsiveness.  Clearly, this knowledge would significantly aid in refining treatment of 

HIV-infection in humans.  Interestingly, there was no association between PMPA 

responsiveness and either the peak virus loads or the magnitude of the T cell response 

prior to therapy.  However, animals that responded well to therapy expressed a less

complex quasispecies during peak viremia than those who did not.  These findings are 

consistent with the recent observation in HIV+ patients where it was determined tha

expression of fewer genotypes during therapy correlated with the ability to control 

rebound upon interruption of HAART (145).  Using the monkey model where infectio

could be controlled, our data further suggests that a pattern of less complexity befor

therapy may be predictive of virological control during therapy.  These results imply that

intrinsic factors that exist in the host at the time of the initial infection may play a role

restricting initial infection with multiple genotypes, which may not only provide a 

superior environment for the induction of T cell immunity, but also assist in the control of

virus by antiretroviral drugs.  Together, these results are encouraging because they 

support the concept that therapeutic immunization may prove beneficial in augmenting 

viral control in drug responders because the target for protective immunity is less 

variable.   
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Chapter 5. Virus Evolution in SIV Infected Animals Given Therapeutic DNA 

Immunizations During Transient Antiretroviral Drug Treatment. 
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Introduction.  

An estimated 40 million people are infected with the human immunodeficiency 

virus (HIV)(239), Currently, treatment of HIV infected people relies on a cocktail of 

antiretroviral drugs (highly active antiretroviral therapy, HAART) targeting different 

viral enzymes. These therapies are unable to eradicate the viral reservoir (54) and over 

time treatment fatigue and/or the emergence of drug resistant viral variants occurs (20, 

64).  This frequently heralds an increase in virus burden and a return of symptoms.  

Therefore, strategies need to be developed that augment the effects of therapy and control 

virus replication when therapy is withdrawn.  In the nonhuman primate model of HIV 

infection, live attenuated vaccines have provided protection from infection (68, 70, 222). 

However, safety concerns have prevented their development for use in humans (18, 255).  

DNA vaccines offer a safe alternative while duplicating many aspects of natural infection 

and live attenuated vaccines.  Using gene gun technology, the DNA is deposited 

intracellularly (92, 314) and is subsequent transcribed and translated into proteins.  The 

endogenous production of antigen results in a protein with native posttranslational 

modification, conformation, and oligomerization (292) and generates antigen specific 

immune responses (87).  DNA vaccines have provided protection from disease 

progression (15, 25, 37, 147, 246), and persistent infection against a heterologous 

mucosal SIV challenge (101). Additionally, a therapeutic DNA vaccination administered 

during antiretroviral therapy (ART) successfully increased the virus specific immune 

response and protected against viral rebound after drug was withdrawn (102), 

demonstrating the benefits of vaccinating during drug therapy as a means to improve 

control of viral replication.  What remains unknown is the effect of ART and 
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immunization on the expressed viral genotypes circulating during treatment and/or after 

its withdrawal.  This understanding may provide a framework to aid in the design of new 

strategies to improve control of viral replication via augmenting the virus specific 

immune response during drug therapy.  

Virus evolution limits the effectiveness of the host’s immune response by 

constantly changing the viral targets the response is generated against.  One strategy to 

limit the ability of a virus to escape immune recognition is to halt, or reduce viral 

replication to allow the immune response to keep pace. To analyze the effects of 

therapeutic interventions on virus evolution, we monitored the genotypes expressed in 

plasma from animals given DNA immunizations during ART (102).  The goal of the 

DNA immunizations was to enhance immune responses primed by the infection or induce 

de novo responses to previously unrecognized targets, thereby broadening the response.  

The study compared DNA vaccines encoding SIV Gag and Tat proteins (gag/tat) alone or 

in combination with 19 CTL epitopes (gag/tat/multi-epitope) to further enhance the 

CD8+ T cell response against the virus.  The rational behind the study was to decrease 

virus replication with PMPA while enhancing/generating a virus specific immune 

response of sufficient magnitude or breadth to control the virus once drug was 

withdrawn. Sixteen animals were inoculated intravenously with SIV/DeltaB670 and 

treated daily for 28 weeks with the reverse transcriptase inhibitor (R)-9-(2-

phosphonylmethoxypropyl)adenine (PMPA). PMPA was initiated two weeks post 

inoculation (pi) and six therapeutic vaccinations were administered via gene gun at four-

week intervals starting six weeks pi.  Virologic and immunological parameters were 

compared between immunized animals and control animals treated with PMPA alone.  
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After the initiation of PMPA, the animals demonstrated either a drug responder or 

poor responder phenotype.  A drug responder was defined as an animal that maintained a 

virus load at or below 104 viral RNA copies /ml plasma during the period of ART.  There 

was no significant difference in the virus loads measured two weeks post inoculation 

demonstrating that the level of virus replication when ART was initiated did not 

influence the subsequent response to PMPA. The plasma virus burden and immune 

responses (lymphoproliferation and CD8+ T cell responses against specific epitopes or 

peptide pools) in vaccinated animals that failed to respond to ART were similar to 

unvaccinated controls.  In contrast, vaccinated animals that responded to PMPA 

demonstrated significantly higher LPR and CD8+ T cell responses than unvaccinated 

controls that responded to ART.  Therapeutic immunizations with the gag/tat/multi-

epitope DNA vaccine proved to be efficacious (P = 0.029, Fishers exact) in containing 

viral replication for six months after treatment withdrawal in responder animals.  Control 

of virus replication correlated with maintenance of CD4+ cell counts, higher virus-

specific lymphoproliferative responses, and an increased magnitude and breadth in the 

CD8+ T cell response.  

As a first step towards determining the effects of therapeutic vaccination and 

transient drug treatment on virus evolution, we monitored virus evolution in these 

animals by heteroduplex tracking analysis (HTA).  The outcome of the study suggested 

that responder animals given the gag/tat/multi-epitope immunizations would demonstrate 

the least virus evolution when compared to either immunized poor responders or control 

animals given drug treatment alone. 
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Materials and Methods 

Animals, viral challenge, and anti-retroviral therapy.  The animals, viral 

challenge and antiretroviral therapy used in this study have been previously reported 

(102).  

DNA vaccines and immunizations.  The DNA vaccine design and 

immunizations have been reported previously .  Briefly, the multi-epitope DNA vaccine 

was prepared by inserting 21 SIVmac239 CTL epitopes (10) into a cocktail of nine 

hepatitis B core antigen (HBcAg) carrier expression vectors (PowderJect Vaccines, Inc. 

Middleton, WI).  Each HBcAg carrier plasmid contained 1-3 epitopes with expression 

driven by the CMV immediate early (IE) promoter.  The gag/tat DNA vaccine consisted 

of a combination of two plasmids, each encoding either the full-length SIVmac239 gag or 

tat gene down stream of the CMV IE promoter.  The plasmid DNA was individually 

precipitated onto gold particles and mixed before administration.  Sedated animals 

received a total of 2 μg of plasmid DNA via gene gun administered in at 16 skin delivery 

sites that included the area over the abdominal and inguinal lymph nodes.  DNA 

vaccination was initiated six weeks post inoculation (4 weeks post therapy initiation).  

The immunizations were repeated every four weeks: resulting in a total of six 

vaccinations during drug treatment. 

Plasma virus load and heteroduplex tracking analysis (HTA).  Quantification 

of the plasma virus burden and HTA have been previously reported (102).   
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Results.  

Study design. The effects of therapeutic vaccination on virus evolution in drug 

treated SIV infected animals was explored by heteroduplex tracking analyses (HTA) of 

the viral genotypes present in the peripheral blood of immunized infected animals 

followed by a comparison to a similar analysis of infected animals that received drug 

therapy alone.  The study design and anticipated outcome of PMPA on plasma virus 

burden is shown in Figure 5.1.   

The plasma virus loads in all of the animals reached a peak two weeks post 

infection and then decreased due to the immune response induced by infection and/or 

vaccinations.  In untreated animals, those given PMPA alone and immunized poor 

responders the virus burden remained above 105 virus copies/ml plasma throughout the 

study period.  The plasma virus burden in some of the responder animals (immunized or 

ART treated alone) was maintained below 104 copies/ml plasma but remained detectable 

throughout the treatment period.  After treatment withdrawal the plasma virus burden 

increased to or above 104 until the studies conclusion.  The plasma virus load was 

undetectable in animals with the best response to either ART alone or immunizations 

during ART.  After treatment withdrawal the virus burden generally remained below 104. 

We performed HTA using plasma cDNA because this represents the genotypes 

actively engaged in the infection whereas proviral DNA genotypes in PBMC are 

confounded by archival sequences that may not be actively replicating. The use of viral 

RNA as the starting template for this analysis, and the knowledge of the genotypes 

comprising the challenge stock (287), allowed us to make that discrimination. 
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Figure 5.1  Study design with possible viral load outcomes for PMPA treatment with and 
without DNA vaccination.  X axis is time post infection, Y axis is virus copy number/ml 
plasma. I represents 6 post infection DNA vaccinations.  Boxed area represents treatment 
period (weeks 2 through 30 pi). 

 

 

Clinical disease course.  The clinical disease course of the animals given 

therapeutic vaccination during antiretroviral drug therapy is summarized in Table 2.  The 

animals were grouped as drug responders or poor responders based on maintenance of a 

plasma virus burden at or below 104 during ART (Figure 5.2).  Five animals that 

responded poorly to treatment (5/7) succumbed to infection with an AIDS defining 

illnesses within 465 days after inoculation.  This is in contrast to animals that responded 

to treatment where all of the animals lived disease free until the study’s end (sacrifices 

scheduled from 589 - 664 days pi).  To determine if therapeutic immunizations prolonged 

survival in drug treated animals, we compared the length of survival from animals given 

the gag/tat multi-epitope immunizations or gag/tat alone, to the animals treated with 

PMPA alone and found there was no significant difference in survival (P= 0.442, and 

0.505 respectively, Mann-Whitney U, two-tailed).  In contrast, a comparison of all  
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Figure 5.2. Plasma virus load in therapeutically immunized  (A) poor responders and (B) 
responders animals over time post inoculation. The vertical line represents the average 
plasma virus burden from LTNPs (104 copies/ml). Plasma was serially sampled and virus 
copy number/ml plasma was calculated by real-time RT-PCR.  Cutoff for the assay was 
10 copies/ml. Boxed area represents treatment period (weeks 2-30 post infection). Open 
symbols represent animals that received the gag/tat/multi-epitope vaccinations and closed 
symbols represent animals that received the gag/tat vaccinations. 
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TABLE 2.  Study Outcome of Therapeutic DNA Immunizationsa SIV/DeltaB670 Infected PMPA Treated b 
Animals 

Group Animal 
Number 

Survival 
 (Days) 

Mamu 
Haplotype 

Cause of Death 

gag/tat/multi-epitope 
PMPA poor responder 

M4600 465 A*01, B*17 Lymphoproliferative disease 

 M4400 319 A*01 Enterocolitis, meningitis 

 M12099 407 A*01, B*03 Enterocolitis, Pneumocystis 
pneumonia, bacterial 

pneumonia 
 M6500 649c A*01, A*08, 

B*03 
Euthanasia 

gag/tat 
PMPA poor responder 

M5100 407 A*02, A*08, 
B*01, B*03 

Lymphosarcoma, 
pneumonia 

 M5300 527 A*02, B*01 Lymphosarcoma 
 M4500 451 A*02, A*08, 

B*03 
Bacterial septicemia, 

lymphosarcoma 
gag/tat/multi-epitope 

PMPA responder 
M5000 649c A*01, B01 Euthanasia 

 M9997 634c A*01, A*02, 
B*01 

Euthanasia 

 M1299 647c A*01, B*03, 
B*17 

Euthanasia 

 M498 647c A*01, A*08, 
B*03 

Euthanasia 

gag/tat  
PMPA responder 

M4900 636c A*08, B*03, 
B*17 

Euthanasia 

 M4700 653c A*02 Euthanasia 
 M4800 655c A*02, A*08, 

B*03  
Euthanasia 

 M5200 655c A*02, B*01 Euthanasia 
 M13899 653c B*03 Euthanasia 

a  Six therapeutic DNA vaccinations were given starting 6 weeks pi and repeated at 4 week intervals. 
b Daily PMPA treatment (20 mg/kg) initiated 14 days pi, continued six months then withdrawn. 
c Scheduled sacrifice  

 

 

animals that responded to therapy (regardless of immunization status) to those that 

responded poorly showed a significant difference in the length of survival (P = 

0.004,Mann-Whitney U, two tailed). To determine if the addition of the multi-epitope 

vaccine prolonged survival, we compared the length of survival between animals that 

received this preparation and those that received gag/tat alone and found no difference in 

survival (P = 0.279, Mann-Whitney U, two-tailed).  This result could have been due to 
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termination of the study before infection had reached its natural conclusion, however. 

The plasma virus loads in the majority of the responder animals given the additional 

multi-epitope preparation was below 2 X 103 when the experiment was terminated while 

the majority of responders animals given only gag/tat immunizations was above 7 X 104. 

This difference is not a significant however (P = 0.286, Mann-Whitney U, two-tailed). 

Viral genetic evolution in vivo. To determine if we could discern a difference in 

viral evolution by HTA between drug treated animals given therapeutic immunizations 

and those given drug alone we compared their HTA patterns.  At acute infection, prior to 

the initiation of therapy, we did not detect a difference in the expressed genotypes 

between animals that received immunizations (Figures 5.3 and 5.4) and those that did not 

(Chapter 4, Figures 4.5 and 4.6), regardless of their subsequent response to PMPA. All of 

the animals expressed a minimum of at least one of the two genotypes dominant in an 

inoculum during acute infection.  

Poor Responders. Early after treatment initiation (week 2 - 10 pi), immunized 

animals that responded poorly to PMPA maintained expression of the genotypes 

dominating the acute infection, regardless of which immunizations they received (Figure 

5.1).  Throughout the remainder of the treatment period, HTA revealed a complex pattern 

of genotypes expressed that changed over the study period, like that seen in the drug 

treated controls (Chapter 4, Figure 4.5).  Two of the animals given drug treatment alone 

(Chapter 4, Figure 4.5, M9699 and M11399) and three vaccinated animals (Figure 5.3, 

M5300, M4500, andM4600) maintained expression of the same genotypes expressed at 

the end of the treatment period after treatment was withdrawn. The control animals 

maintained this pattern of expression approximately 12 weeks whereas those given  
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Figure 5.3. Continued 
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Figure 5.3.  HTA of plasma virus cDNA derived V1–V2 envelope region sequences from 
SIV/DeltaB670-infected, PMPA-treated and therapeutically immunized poor drug 
responder macaques. Numbers across the top indicate week post inoculation. Daily 
PMPA treatment was initiated 2 weeks pi and continued for 28 weeks. Boxed area 
represents samples collected during therapy. The last week is the necropsy sample. The 
asterisk and double asterisk indicate single strand probe and homoduplex positions 
respectively. (a) M440, (b) M12099, (c) M6500, (d) M4600 (e) M5100, (f) M5300, (g) 
M4500. 
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immunizations maintained them for approximately six weeks, however. This truncation 

of expression suggests that vaccine induced virus specific immune responses may have 

influenced virus evolution/selection.  After treatment was withdrawn however, the 

majority of the immunized poor responders animals exhibited ongoing viral evolution 

with the emergence of more variants over time.  

Responders. In animals that responded to PMPA, the vaccinated animals 

expressed more viral genotypes up to week 10 pi than animals given PMPA alone 

(Figures 5.4 and 4.6).  At this point, the vaccinated animals had received a single 

immunization. This result may indicate the DNA immunization had driven a more robust 

evolution of the virus population.  After week 10 pi, we were unable to complete the 

comparison during the remainder of the treatment period because we could not reliably 

amplify cDNA from the majority of the responder animals (Figure 5.4). After treatment 

withdrawal, we were again unable to track virus evolution in the majority of the animals 

that received the gag/tat/multi-epitope immunizations because they did not rebound and 

thus their virus loads were below our detection limit. This result indicates the 

immunization protocol proved beneficial in preventing virus rebounded when compared 

to animals given ART alone.  The HTA pattern from the remaining immunized responder 

animals duplicated that seen in animals given drug treatment alone, with expression of a 

less complex quasispecies in the majority of these animals. 
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Figure 5.4.  Continued. 
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Figure 5.4.  Continued. 
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Figure 5.4. HTA of plasma virus cDNA derived V1–V2 envelope region sequences from 
SIV/DeltaB670-infected, PMPA-treated and therapeutically immunized drug responder 
macaques. Numbers along the bottom indicate week post inoculation. Daily PMPA 
treatment was initiated 2 weeks pi and continued for 28 weeks. Boxed area represents 
samples collected during therapy. The last week is the necropsy sample or the latest 
available with virus burden within detection limits. The asterisk and double asterisk 
indicate single strand probe and homoduplex positions respectively. (a) M498, (b) 
M5000, (c) M9997, (d) M1299 (e) M13899, (f) M4700, (g) M5200, (h) M4900, (i) 
M4800. 
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Discussion.   

We monitored virus evolution in SIV infected animals given therapeutic DNA 

immunizations with either gag and tat whole genes or gag/tat plus a multi-epitope DNA 

vaccines during a period of antiretroviral therapy (102).  The V1-V2 region of the 

envelope gene was used for these studies because it is the most hypervariable region of 

the genome (231) and has been used to identify the genotypes present in the virus isolate 

used in this study, SIV/DeltaB670 (16, 252, 287).  Like the PMPA treated controls 

(Chapter 4), animals that received therapeutic immunizations were divided into drug 

responder or poor responder phenotypes based on maintanance during ART of a plasma 

virus burden either above or below 104 viral copy numbers/ml.  The most efficacious 

vaccine was the gag/tat/multi-epitope DNA preparation.  A therapeutic effect was seen 

only in the PMPA responders however.   

We had anticipated that animals that responded to PMPA that received 

therapeutic immunizations would have had less evidence of virus evolution after 

treatment withdrawal than animals given drug treatment alone.  This was based on the 

finding that animals that received PMPA alone were unable to control virus replication 

after treatment withdrawal to the same degree as that observed in the immunized 

responder animals (102).  Since virus evolution is driven in part by virus replication (128, 

204, 311, 326), we reasoned that low levels of virus replication would translate into less 

evolution of the virus population.  Furthermore, virus specific T cell responses have also 

been shown to be associated with greater control of virus replication (35, 142, 158, 193, 

256, 307).  Thus, inclusion of a vaccine during the generation of the virus specifc T cell 

response, and during a period of drug treatment that can potentially aid in reducing virus 
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replication, should reduce viral evolution further than that seen in animals given ART 

alone.  This hypothesis was supported by the finding that animals that received the 

gag/tat/multi-epitope immunizations maintained their CD4+ T cell counts and virus-

specific T cell responses while those treated with ART alone did not.   

Evaluation of virus evolution by HTA revealed that the therapeutically 

immunized animals mirrored what was seen in the drug treated control animals, with poor 

responders displaying a complex pattern of genotypes and responders demonstrating less 

evolution of the viral quasispecies. Our inability to identify less evolution of the virus 

population in animals responding well to the vaccine could be due to several reasons. 

1 - The vaccine was not potent enough to induce global changes in the 

population.The initial reports of therapeutic immunizations of HIV infected humans 

using various vaccine strategies demonstrated that although virus specific T cell 

responses were induced by immunization, immunotherapy failed to reduce the plasma 

virus burden (32, 110, 160, 209, 304).  These strategies were tested without the advantage 

of ART however, in an attempt to allow an enhanced/expanded immune response to 

develop.  More recently, an HIV vaccine trial used as an adjunct to HAART 

demonstrated control of transient increases in viral rebound after treatment withdrawal. 

Although there was no change in the T cell counts (183), eight of 13 vaccinees 

demonstrated virus-specific IFN-γ ELIspot responses.  In the SIV infected macaque, 

studies using different vaccines given during ART produced results similar to our study, 

with improved control of virus replication after treatment withdrawal/interruption 

accompanied by enhanced virus specific T cell responses (125, 178, 289).  Allen et al. 

(11) demonstrated that an immunodominant Tat specific CTL response rapidly selected 
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for viral variants with a mutation in Tat with few other sequence changes throughout the 

genome. The authors reasoned that the CTL response was able to eliminate infected cells 

expressing the wild-type sequence because they were unable to detect the wild-type 

sequences in the animals examined.  An increase in the magnitude and breadth of the T 

cell response was clearly demonstrated in the animals that received therapeutic 

immunizations in our study (102). The broadening of the immune response induced by 

immunizations, and the high degree of similarity between the vaccine and challenge 

strains, would suggest that more epitopes would be targeted by the CTL response in 

immunized animals, and result in elimination of infected cells expressing these epitopes.  

The net effect of this phenomenon could result in a global change in the population and 

therefore a loss of particular V1-V2 sequences.   

2– Monitoring V1-V2 will not demonstrate virus evolution driven by immune 

evasion because it does not encode T cell epitopes.  Alternatively, the Allen et al. (11) 

study also demonstrated that escape from a CTL response in one epitope resulted in 

retention of the wild-type sequences in other regions of the genome.  If this occurred in 

our animals and the CTL response did not eliminate infected cells expressing the mutated 

epitope, HTA would not reveal evolution of the virus population unless individual 

epitopes were being directly monitored.  The reason for our findings are unknown at 

present and must await a more thorough evaluation of T cell epitope sequences during 

therapy. 

3– The most important animals for monitoring these events had virus loads too 

low to analyze.  Mutations within the viral genome can result in a virus either an 

advanced (72, 169, 263, 264) or a delayed disease progression phenotype (151, 165, 200).  
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Identifying sequence changes that contribute these phenomena would aid in the design of 

antiviral therapies.  The plasma virus burdens in some of the animals were so low that 

these samples could not be included in our analysis.  This suggests that these animals 

could have been infected with an attenuated viral quasispecies present in the inoculum.  

This result is unlikely because infection of over 500 animals with this SIV isolate has 

resulted in disease progression in over 95% of the animals (M. Murphey-Corb, personal 

communication).  Instead, the viral variants infecting these animals could have been 

attenuated after infection.  Multiple immune and non-immune host factors have been 

identified that affect virus replication/disease host factors (34, 47, 182, 202, 230, 282).  

Analysis of the viral genotypes infecting these animals could lend insight into viral 

factors associated with non-progression.   

In summary, selective pressures imposed on the viral genotypes after transmission 

into a new host result in the generation of a broad quasispecies with potentially different 

pathogenic potentials.  The additive effects of adjunctive drug treatment alone, when 

effective, can delay/prevent these events. Further studies are needed, however, to fully 

define these events. 
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Chapter 6.  The Effects of DNA Vaccination Pre and Post Inoculation on Virus 

Evolution in SIV Infected Drug Treated Animals. 
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Introduction. 

Approximately 11,000 people are infected with HIV daily (294) and the current 

treatments are unable to provide long-term control of infection to those with access to the 

drugs.  These facts clearly highlight the need for an efficacious vaccine.  There are 

numerous vaccine trials underway with the goal of inducing virus specific T cell 

responses against HIV (one resource for information is 

(http://www.hvtn.org/science/trials.html). These vaccines may fail to provide sterilizing 

protection against infection. Whether participants will be at a selective after infection is 

currently unknown.  

In this chapter we address the role of vaccine induced priming of the SIV specific 

immune response in augmenting the control of virus during post inoculation ART and 

immunotherapy. The antiviral treatments have been presented previously (Chapter 5).  

Vaccine primed animals demonstrated either drug responder or poor responder 

phenotypes, like that observed in the other groups (Chapters 4 and 5).  Again, there was 

no significant difference in the virus loads measured two weeks post inoculation, 

demonstrating prior immunization had no suppressive effect on the acute virus loads nor 

did it affect drug responsiveness. The plasma virus burden and immune responses 

(lymphoproliferation and CD8+ T cell epitope recognition) in vaccine primed animals 

that failed to respond to ART were similar to unvaccinated controls.  In contrast, vaccine 

primed animals that responded to PMPA demonstrated significantly higher LPR and 

CD8+ T cell responses then unvaccinated controls that responded to ART.  DNA 

immunizations delivered both pre and post inoculation with the gag/tat/multi-epitope 

DNA vaccine proved to be efficacious (P = 0.015, Fishers exact) in containing viral 
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replication for six months after treatment withdrawal and retention of CD4+ cell counts 

for one-year post treatment in responder animals.  Control of virus replication correlated 

with maintenance of CD4+ cell counts, higher virus-specific lymphoproliferation, and an 

increased magnitude and breadth in the CD8+ T cell response. 

We hypothesized that vaccine priming, in addition to maintaining CD4+ T cells, 

and increasing the strength and breadth of the T cell responses, would promote less 

evolution than that seen in animals given only therapeutic immunizations.  To determine 

these effects, we monitored the V1-V2 region of the envelope gene from virus expressed 

in plasma throughout the study period in animals vaccinated pre and post inoculation and 

compared these results to animals given only therapeutic immunizations or drug 

treatment alone. 
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Materials and Methods. 

Animals, DNA vaccine preparation and protocol, and drug treatment. The 

animals, vaccine, and drug treatment have been reported (Chapter 5). 

Heteroduplex tracking analysis (HTA).  The cDNA preparation and HTA 

protocol have been reported (Chapter 4). 

Pol PCR amplification, sequencing and sequence analysis.  The amplification, 

sequencing and sequence analysis have been reported (Chapter 4). 
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Results. 

Study design. The effects of DNA vaccinations pre and post infection on virus 

evolution in drug treated SIV infected animals was monitored throughout infection using 

a heteroduplex tracking analyses (HTA) of the viral genotypes present in the peripheral 

blood followed by a comparison to a similar analysis of infected animals that received 

either therapeutic immunizations during ART or drug therapy alone.  The study design 

and anticipated outcome of PMPA and immunizations on plasma virus burden is shown 

in Figure 6.1.   

 

 

 

 

 

 
 
 
 
Figure 6.1  Study design with possible viral load outcomes for PMPA treatment with and 
without DNA vaccination.  X axis is time post infection, Y axis is virus copy number/ml 
plasma.  Large arrow represents 4 pre infection DNA vaccinations, I represents 6 post 
infection DNA vaccinations.  Boxed area represents treatment period (weeks 2 through 
30 pi).   
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Clinical disease course.  The clinical disease course in animals that received 

DNA immunizations both pre and post infection is summarized in Table 3. Eleven 

animals were drug responders and five were poor responders (Figure 6.1).  The animals 

that responded to treatment lived significantly longer than animals that responded poorly 

to treatment (P = 0.038, Mann-Whitney U, two-tailed).  To determine if immunizations 

received both pre and post infection and response to treatment extended survival, we 

compared these animals to those immunized only therapeutically.  We found there was no 

difference in survival within 16 months post-ART when comparing either the responders, 

or poor responders (P = 0.17, and 1 respectively, Mann-Whitney U test, two tailed).  We 

additionally compared vaccine primed animals to those given PMPA alone and found 

there was no difference in survival when comparing responders and poor responders (P = 

0.34, and 0.91 respectively, Mann-Whitney U test, two tailed).  This result could have 

been due to termination of the study before infection had reached its natural conclusion. 

The geometric mean plasma virus burden in responders given PMPA alone was above 1 

X 105 while in vaccinated animals it was between 1 X 102 – 103.  This indicates a loss of 

control of virus replication in the animals given drug treatment alone not seen in the 

vaccine primed animals. 
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TABLE 3.  Study Outcome of SIV/DeltaB670 Infected PMPA Treated b Animals DNA Vaccinateda Pre and 
Post Inoculation 

Group Animal 
Number 

Survival  
(Days) 

Mamu 
Haplotype 

Cause of Death 

   gag/tat/multi-epitope 
PMPA poor responder 

M10299 671c A*01, A*02 Euthanasia 

gag/tat 
PMPA poor responder 

M13299 291 A*02, B*03 Lymphoproliferative disease 

 M12299 635c A*08, B*03 Euthanasia 
 M12699 291 B*17 Mesenchymal proliferative 

disorder suggestive  
of SRV-De

 M10297 465 B*03 Retroperitoneal fibromatosis 
consistent w/ SRV-De

gag/tat/multi-epitope 
PMPA responder 

M11197 671c A*01, A*02 Euthanasia 

 M14199 678c A*01, B*01 Euthanasia 
 M12899 676c A*01, A*11, 

B*01 
Euthanasia 

 M11499 669c A*01, A*08 Euthanasia 
 M13999 678c A*01, A*08, 

B*03 
Euthanasia 

 M10497 676c A*01 Euthanasia 
 M12997 669c A*01 Euthanasia 

gag/tat  
PMPA responder 

M11999 635c Unknownd Euthanasia 

 M12599 637c A*02 Euthanasia 
 M11299 635c Unknownd Euthanasia 
 M13199 637c Unknownd Euthanasia 

a  Four DNA vaccinations were given at 6-8 week intervals before inoculation and repeated at 4 week 
intervals starting 6 weeks pi. 
b Daily PMPA treatment (20 mg/kg) initiated 14 days pi, continued six months then withdrawn. 
c Scheduled sacrifice  
d Haplotype was not Mamu; A*01, A*02, A*08,  A*11, B*01, B*03, B*04, B*17 
e All animals are SRV-D antibody negative prior to entry into the facility. 
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Figure 6.2. Plasma virus load in (A) poor responders and (B) responders animals 
immunized pre and post inoculation over time post infection. The vertical line represents 
the average plasma virus burden from LTNPs (104 copies/ml). Plasma was serially 
sampled and virus copy number/ml plasma was calculated by real-time RT-PCR.  Cutoff 
for the assay was 10 copies/ml. Boxed area represents treatment period (weeks 2-30 post 
infection). Open symbols represent animals that received the gag/tat/multi-epitope 
vaccinations and closed symbols represent animals that received the gag/tat vaccinations. 
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 Evolution of PMPA resistance.  Studies have demonstrated that the infected cell 

population in peripheral blood does not always supply the virus circulating in plasma 

(53).  We demonstrated that the reverse transcriptase mutation, K65R, that confers a 5-

fold resistance to PMPA (298) became fixed in the plasma of infected animals that 

responded poorly to PMPA alone but was present in animals the responded to ART 

(Chapter 4). To determine if this mutation was present in the integrated provirus from 

PBMC, thus potentially supplying the plasma virus, we serially monitored this region in 

untreated, therapeutically immunized, and animals vaccinated pre and post inoculation. 

 

 

 

 
 
 
Figure 6.3.  Number of clones expressing the wild type (drug sensitive) reverse 
transcriptase (RT) from proviral PBMC DNA.  A portion of the RT gene was amplified 
from integrated proviral DNA from PBMC at the indicated times post inoculation and 
sequenced.  Black bars represent wild type RT.  
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We chose to analyze this region before treatment, late during treatment, and three 

weeks after treatment withdrawal to include the detection of possible reversion mutants.  

As anticipated, we were unable to detect this mutation from any animal before treatment 

initiation, or from any time point in the untreated animal (Figure 6.3).  Furthermore, we 

failed to detect this resistance mutation in the PBMC of any animal regardless of which 

vaccine they received, or response to therapy.  This result was surprising because 

vaccinated poor responders maintained high virus loads in the face of therapy, and our 

previous findings that the majority of the expressed virus in poor responders given PMPA 

alone had the resistance mutation.  This was in contrast to responders given PMPA alone 

in which the majority of the circulating plasma virus was drug sensitive and indicates the 

PBMC may not have been supplying the plasma virus in these animals.  

Viral genetic evolution in vivo.  We performed heteroduplex tacking analysis 

(HTA) on plasma cDNA sampled longitudinally after infection to determine the effects of 

the pre post-infection vaccine regimen on virus evolution. At acute infection, HTA 

revealed the expression of at least one of the major genotypes present in the inoculum, in 

addition to others, in the vaccine primed animals (Figures 6.3 and 6.4).  These results 

mirrored that seen in animals given drug treatment alone or therapeutic immunizations 

(Chapters 4 and 5), suggesting that vaccine priming did not impose a genotypic selection 

bias.   

Poor responders.  The genotypes expressed at acute infection in vaccine primed 

animals that responded poorly to treatment were maintained approximately 10 weeks pi 

(Figure 6.3).   Throughout the remainder of the treatment and study period, shifts in the 

dominance of the expressed genotypes occurred, or previously undetected genotypes  
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Figure 6.4.  Continued.  
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Figure 6.4. HTA of plasma virus cDNA derived V1–V2 envelope region sequences from 
SIV/DeltaB670-infected, PMPA-treated and immunized pre and post inoculation poor 
drug responder macaques. Numbers along the bottom indicate week post inoculation. 
Daily PMPA treatment was initiated 2 weeks pi and continued for 28 weeks. Boxed area 
represents samples collected during therapy. The last week is the necropsy sample. The 
asterisk and double asterisk indicate single strand probe and homoduplex positions 
respectively. (a) M10299 (b) M10297, (c) M12699, (d) M13299, (e) M12299.were 
expressed. These results mirrored that seen in poor responders given therapeutic 
immunizations (Chapter 5, Figure 5.3) or PMPA alone (Chapter 4, Figure 4.5).  
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Responders. During the first eight weeks of therapy (up to week 10 pi), animals 

that responded to PMPA and received vaccine priming generally maintained expression 

of genotypes expressed at acute infection (Figure 6.4). During the remainder of therapy, 

we were unable to amplify viral cDNA from the majority of the responder animals, and 

from one animal due to a virus burden below our detection limit (M12997), after 

treatment withdrawal.  Six of 11 vaccine animals however, maintained expression of one 

major genotype until the study was terminated (Figure 6.4, b, c, e, i, and k). The viral 

quasispecies expressed in the other four animals was more complex (d, f, g, and j).  These 

results also mirrored that seen in responder animals given therapeutic immunizations 

(Chapter 5, Figure 5.4), or PMPA alone (Chapter 4, Figure 4.6).  
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Figure 6.5.  Continued.   
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Figure 6.5.  Continued.  
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Figure 6.5. HTA of plasma virus cDNA derived V1–V2 envelope region sequences from 
SIV/DeltaB670-infected, PMPA-treated and immunized pre and post inoculation drug 
responder macaques. Numbers along the bottom indicate week post inoculation. Daily 
PMPA treatment was initiated 2 weeks pi and continued for 28 weeks. Boxed area 
represents samples collected during therapy. The last week is the necropsy sample or with 
a plasma virus burden above our detection limit. The asterisk and double asterisk indicate 
single strand probe and homoduplex positions respectively. (a) M12997, (b) M11499, (c) 
M13999, (d) M11197, (e) M10497, (f) M12899, (g) M14199, (h) M11299, (i) M12599, 
(j) M11999, (k) M13199. 

 120



Discussion.   

We compared virus evolution between antiretroviral drug treated animals given 

DNA vaccinations both pre and post inoculation to that seen in animals either vaccinated 

post infection only (Chapter 5) or drug treated alone (Chapter 4), using a heteroduplex 

tracking analysis (HTA) of the V1-V2 region of the envelope gene.  The vaccine-primed 

animals displayed the same PMPA responder/poor responder phenotypes seen in the 

vaccinated and/or drug treated animals. The same DNA vaccine preparation 

(gag/tat/multi-epitope) proved to be the most efficacious, but again worked best in 

responders.  These animals maintained CD4+ T cell counts while the poor responders did 

not.  Vaccine priming induced virus specific T cell responses that were detectable prior to 

inoculation, and repeated administration during therapy post infection boosted these 

responses.  There was no difference in the acute plasma virus burden among the different 

groups of animals however.  We were also unable to detect a difference in virus evolution 

between the responder animals given therapeutic immunizations and those that were 

vaccine primed prior to infection.  Again, responder animals, whether immunized or not, 

expressed a more restricted quasispecies after treatment withdrawal when compared to 

poor responders.   

The importance of the virus specific T cell response to controlling both HIV and 

SIV virus replication has been demonstrated in a number of studies (35, 142, 158, 193, 

256, 307).  Thus, we anticipated that vaccine priming might limit virus evolution in 

vaccinated animals because these animals maintained control of virus replication after 

treatment withdrawal and this was likely due to T cell control. Vaccine primed responses 

were unable to induce a change in the genotypes expressed during acute infection, 
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however.  There was also no difference in the quasispecies complexity after treatment 

withdrawal in primed animals versus those that were treated post infection only.  

We had also seen that in animals given drug treatment alone, the virus present in 

plasma acquired and retained the drug resistance mutation (K65R) throughout the period 

of analysis in the poor responders (minimum of 30 weeks post drug removal, Chapter 4).  

To determine whether immunization affected the emergence of drug resistance, we 

looked for the K65R mutation in PBMC DNA from drug treated vaccinated animals.  

PBMC DNA was employed in this analysis because our supply of plasma RNA was 

limited.  We reasoned that proviral DNA in PBMC would be representative of the virion 

RNA, however, because we had shown in another study minimal differences between the 

two when the V1-V2 region was analyzed by HTA (unpublished results).  Surprisingly, 

despite the rapid appearance of drug resistance mutations in plasma observed in the 

control animals, only the drug sensitive genotype was identified in PBMC DNA of the 

vaccine primed group, regardless of their responder phenotype. These results are 

supported by another study that found a similar discordance in the drug resistant 

genotype when plasma RNA and PBMC DNA were compared (184).   Three of 3 SIV 

infected macaques examined in the study, which had been on drug therapy a maximum of 

20 weeks, had detectable drug resistant genotypes in PBMC provirus whereas all plasma 

virion genotypes examined were drug sensitive.  Together with our own results, these 

data suggest PBMC may not have supplied the virus circulating in plasma.  These results 

have prompted a more thorough evaluation of lymphoid tissues, PBMC, and plasma 

sampled longitudinally in a separate study that is underway. 

 122



 In summary, evaluation of the virologic response to vaccination with a DNA 

vaccine that induced potent T cell responses failed to identify global genotypic changes 

associated with host immunity. A number of factors could have contributed to our 

inability to detect these changes, however, including the vaccine’s inability to induce 

global changes in the virus population, monitoring an uninformative region of the 

genome (V1-V2), or maintenance of a viral copy number in tissues too low for analysis 

(Chapter 5 Discussion). 
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Chapter 7.  Virus Copy Number and Genetic Diversity found in Gut Associated and 

Peripheral Lymphoid Tissue from SIV Infected Macaques given Antiretroviral 

Therapies and DNA Vaccines. 
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Introduction.   

The resting CD4+ T cell population is known to harbor replication competent 

proviral DNA in infected individuals (33).  Withdrawal of highly active antiretroviral 

therapy frequently heralds a rebound in the plasma virus burden.  Analysis of the 

rebounding virus has revealed that this resting  CD4+ T cell population is not always the 

source (53).  These results suggest the presence of an as yet unknown viral reservoir for 

persistent virus.  During acute infection, the CD4+ T cells in the gut associated lymphoid 

tissue (GALT) have been shown to be the site of infection and depletion in both HIV 

infected humans and SIV infected animals (38, 196, 271, 297, 302). The initiation of 

antiretroviral therapy (ART) early after infection has proven to aid in the reconstitution of 

the CD4+ T cell population in the GALT in SIV infected macaques (108) and in some 

HIV infected humans on ART (117).  This suggests that the GALT may be one reservoir 

for virally infected cells in patients receiving ART.  An understanding of the effects of 

ART on the virus found in the GALT could aid in the development of interventions 

targeted to specific sites or viral variants.  

To address this issue we quantitated the virus copy number and analyzed the virus 

population found in the GALT (mesenteric lymph nodes) and peripheral tissues (axillary 

and inguinal lymph nodes, and plasma) from SIV infected macaques given ART and 

DNA vaccinations (Chapter 6). Tissue was collected at the studies conclusion or at 

necropsy from ART responder and nonresponder animals that survived less than a year 

after therapy was discontinued (Chapters 4, 5, and 6). To determine the relationship 

between the plasma virus burden on the virus expressed in the GALT and peripheral 
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tissues we quantified virus copy number by real time RT-PCR and performed 

heteroduplex tracking analysis (HTA) on viral cDNA isolated from lymphoid tissues. 
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Materials and methods. 

Animal inoculations, drug treatment, DNA immunizations, and plasma virus 

load.  Animal inoculations, drug treatment, DNA vaccine preparation, schedule, and 

quantitation of plasma virus loads were as described (Chapter 6). 

Tissue collection and RNA isolation.  Mesenteric lymph nodes, axillary lymph 

nodes, inguinal lymph nodes, and jejunal tissues were collected at necropsy due to AIDS 

or at scheduled sacrifice approximately 2 years post inoculation (see Clinical Tables, 

Chapter 4, 5, 6).  PBMC were collected only from animals at scheduled sacrifice.  Tissue 

was snap frozen in OCT and stored at –80°C until use. 100 mg tissue sections were 

placed in 1 ml Trizol reagent and total RNA was extracted per manufacturers instructions 

(Invitrogen, Carlsbad, CA).  RNA samples were stored at –80 °C before use. To 

determine if the samples contained geneomic DNA contamination, the V1-V2 region of 

the envelope gene was amplified from 2 μl of total RNA by PCR using the previously 

described primers and cycling parameters (287). Ten μl of the product was run on an 

agarose gel and if the sample yielded a positive result the RNA was treated with DNase 

per manufacturers instructions (Ambion, DNA free RNA, Austin TX).  The PCR was 

repeated and only samples free of DNA contamination  were analyzed further. All 

reagents were prepared with DEPC water. 

Tissue virus copy number.  The virus copy number from 500 ng of RNA was 

quantitated by real time RT-PCR as described (Chapter 6).  Expression of β-

glucuronidase (GUS) was quantitated from 500 ng of RNA as an control of expression.  

The primers and probe were as described (109 J Molecular Diagnostics 2:84).  Data are 

expressed as the ratio of individual tissue viral copies to individual β-GUS/ total β-GUS. 
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 Heteroduplex tracking analysis (HTA).  HTA was performed as described 

(Chapter 4) using only DNA free RNA.  Samples were run in duplicate to confirm the 

results were identical.  Only identical duplicate samples were evaluated further.         
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Results 

Study design.  To determine the amount of virus in lymphoid tissue, and whether 

the GALT served as a reservoir for unique viral variants, total RNA was extracted from 

mesenteric, axillary, and inguinal lymph nodes and jejunal tissue at necropsy from all of 

the animals in the study (Chapters 4, 5, and 6). RNA samples found to contain 

contaminating DNA were not included in the analysis.  The virus copy number/500 ng 

total RNA was quantitated by real time RT-PCR.  The V1-V2 region of the envelope 

gene was also amplified from cDNA and analyzed by HTA to determine the genotypic 

expression patterns.  

Tissue Virus loads.  We stratified the normalized tissue virus copy number 

according to the plasma virus copy number at necropsy and compared the copy numbers 

between the GALT (mesenteric lymph node, jejunal lamina propria) and peripheral 

lymph nodes (axillary and inguinal) within a range of plasma virus burdens (0 < 104 and 

> 104 viral copy numbers/ml plasma) (Figure 7.1).  This broke the samples into tissue 

from responders (0 < 104 viral copy numbers/ml plasma), and poor responders (> 104 

viral copy numbers/ml plasma), excluding five animals with the highest virus burdens at 

necropsy (monkeys M9699, M10999, M5200, M4900, and M11999) that were originally 

characterized as responders during therapy (Chapters 4, 5).  These five animals had all 

demonstrated viral rebound after treatment withdrawal.  A comparison of the virus copy 

numbers between tissues within the lower range of plasma virus burden, revealed that 

jejunal tissue had significantly less virus than the other tissues (Table 7.4. P < 0.005, 

Mann-Whitney U test, 2 tailed).  These results could indicate a continuous loss of the 

infected CD4+ T cell population throughout the study, the majority of which continued   
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Figure 7.1.  Tissue virus copy number/500 ng total RNA normalized to the expression of 
β-GUS. Total RNA was isolated from the indicated bulk tissues collected at necropsy or 
the studies conclusion, approximately 2 years post inoculation.  Results are stratified 
according to the plasma virus copy number/ml plasma. 
 
 
 
 
 
 

Table 7.4.  Statistical analysis of the tissue virus burdens. 
Tissues Compared Plasma 

Virus Load1  Mesenteric Axillary Inguinal Jejunal 
Mesenteric  0.0162 0.321 0.001 
Axillary   1 0.002 

 
0 Š 104 

Inguinal    0.009 
Mesenteric  0.189 0.248 0.000 
Axillary   0.180 0.000 

 
< 104 

Inguinal    0.000 
Mesenteric 0.000    
Axillary  0.000   
Inguinal   0.000  

0 Š 104 
to 

< 104 
Jejunal    0.000 

1Virus copy number/ml plasma at necropsy. 
2P value, Mann-Whitney U Test, 2 Tailed 
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without ART in the responders.  The difference between the mesenteric lymph nodes and 

the axillary lymph nodes was also significant (P 0.028, Mann-Whitney U test, 2 tailed).  

However, no difference in virus copy number was seen when comparing either the 

mesenteric or axillary lymph node (LN) to the inguinal LN tissues (P = 0. 321 and 1 

respectively, Mann-Whitney U test, 2 tailed).   

We compared the tissue virus burdens between the high range of plasma virus 

burdens and found there was no difference between the mesenteric, axillary and inguinal 

LNs (P > 0.180, Mann-Whitney U test, 2 tailed).  Additionally, we also observed a 

significant difference between the virus loads in any of these tissues and the jejunum (P < 

0.000, Mann-Whitney U test, 2 tailed).  The difference in the mesenteric, axillary and 

inguinal LN copy numbers between the low and high plasma virus loads was always 

significant (P >0.000, Mann-Whitney U test, 2 tailed).  Together these results suggest a 

higher plasma virus burden results in a higher lymphoid tissue virus load.  

Tissue HTA.  The infection of the GALT during acute infection could enable this 

as a reservoir for unique and potentially ancestral virus that may not remain 

transcriptionally active as disease progresses. To determine if this was the case, we 

performed heteroduplex tracking analysis (HTA) on cDNA prepared from both GALT 

and peripheral tissue RNA collected at necropsy from SIV infected animals.  We isolated 

total RNA from the lymphoid tissues, and PBMC from the 44 animals in the study.  Only 

samples that were free of DNA contamination, with virus copy numbers above 103, that 

resulted in identical HTA patterns when analyzed in duplicate, and in which we had a 

complete set of tissue samples were included in the analysis (Figure 7.2).  Our 

requirement for identical HTA duplicates resulted in the omission of monkey, M13899 
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Figure 7.2.  HTA of viral cDNA from plasma and tissue from drug responder animals.  
cDNA was prepared from plasma virus at the weeks post inoculation indicated at the top 
of the figures.  cDNA was prepared from total RNA isolated at necropsy from the 
indicated tissue.  All samples were prepared independently and run together to confirm 
sampling represented the entire virus population. Mes, mesenteric lymph node, Ax, 
axillary lymph node, Ing, inguinal lymph node.  Asterisk and double asterisk indicate the 
single strand probe and homoduplex positions respectively. 
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(Figure 7.2, included as an example) and the axillary LN from M13999. Additionally, 

this precluded our analysis of the jejunal tissues and PBMC. 

HTA revealed that the majority of genotypes found in the GALT were also found 

in the peripheral tissues (Figure 7.2). HTA also revealed that the axillary and inguinal LN 

from one animal contained genotypes not found in the GALT (monkey M4500).  

However, two animals, M13999 and M5000 harbored genotypes unique to the mesenteric 

LN.  

We also compared the tissue and plasma HTA to determine if genotypes found in 

the tissues were also expressed in the plasma at necropsy.  This analysis showed that the 

dominant genotype expressed in plasma was also found in the tissues from four of five 

animals (M5000 was not included because the plasma HTA from necropsy was not 

available due to a plasma virus burden below our detection limit).  A minor variant was 

also found in both plasma and the tissues from the fifth animal (M4400).  These results 

demonstrate that at necropsy there is a wide distribution of genotypes.  We also compared 

the genotypes expressed at acute infection (week 2 pi) and tissue samples to determine if 

the tissues expressed genotypes that could represent archival genotypes. We found that 

one animal that survived until the studies conclusion (M13999) and two that succumbed 

to AIDS (monkeys M4600 and M4500) had genotypes similar to variants expressed 

during acute infection.  
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Discussion. 

We quantitated the virus copy number/500 ng total RNA from lymphoid tissues 

obtained at necropsy from SIV infected animals given ART with and without therapeutic 

DNA immunizations.  These samples were collected over a year after the drug and 

immunizations had been discontinued.  We also characterized the genotypes found in 

these tissues by HTA and compared them to genotypes expressed in plasma.   

HIV/SIV rapidly disseminates among lymphoid tissue compartment early after 

infection (14, 98, 275).  In animals that control virus replication, we anticipated that 

fewer cells throughout the body would be infected. To analyze this, we compared the 

cell-associated virus loads in tissues from animals with high (>104 copies/ml plasma) and 

low (>104 copies/ml plasma) virus copy number.  The cell-associated RNA virus copy 

numbers in axiallary, inguinal, and mesenteric lymph nodes were consistent with the 

amount of virus in plasma, with the control of virus replication resulting in lower virus 

copy numbers in the tissues, and higher plasma virus burdens having higher tissue virus 

RNA numbers. These results are supported by earlier studies that made a similar 

observation in untreated HIV infected individuals (98) and SIV infected macaques (161), 

and infected animals given ART one weeks post infection (273). 

Dissemination of the virus throughout the body is accompanied by early depletion 

of the activated CD4+ T cell population in the lamina propria of the gut following both 

HIV and SIV infection (38, 196, 302, 303).  Studies have also demonstrated there is only 

a limited repopulation of this cell population even then ART is initiated within one week 

of infection (176).  Thus, it was not surprising that the viral RNA copy numbers found in 

our animals were lower in jejunal tissues when compared to that found in the other 
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tissues. These results suggest that although ART was initiated early after infection, its 

withdrawal and the subsequent disease progression (however limited) resulted in an 

inability to repopulate the CD4+ T cells in these animals even a year after drug was 

discontinued and virological control was maintained.  

The robust induction of virus specific T cell responses are associated with control 

of virus replication (35, 142, 158, 193, 256, 307).  Higher plasma virus copy numbers 

associated with a failure to control repliction would logically be associated with 

expression of a complex quasispecies that would be disseminated among all lymphoid 

compartments.  Control of virus in the peripheral circulation, on the other hand, is 

nevertheless not absolute.  We therefore questioned whether the origin(s) of the persistent 

virus found in the circulation could be confined to specific organs.  Some studies have 

identified distinct viral populations in different tissues or organs (19, 24, 77, 240). This 

study represents the first report of the dissemination patterns for SIV/DeltaB670 

genotypes into organs or tissues other than the mucosa (287). Analysis of the genotypes 

found in the lymphoid tissues demonstrated there was wide dissemination of genotypes 

with advanced disease, with the majority of the genotypes found in all of the analyzed 

tissues.  These results indicate there was no site specific selection pressures on the 

different DeltaB670 genotypes during active disease progression and are supported by an 

earlier mucosal study from our laboratory that did not find a transmission bias of 

genotypes across the mucosal barrier (287).  Studies performed by others have made 

similar observations, however these reports analyzed different organ systems than those 

reported here (41, 156).  
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We hypothesized that the GALT could serve as a reservoir of latent virus in 

animals that responded well to ART.  If so, then unique viral genotype(s) would be 

expressed in some, but not all tissues in the GALT. Because we limited our analysis to 

only those samples that were free of DNA contamination, had virus copy numbers above 

103, identical HTA patterns when analyzed in duplicate, and a complete set of tissues for 

comparison purposes, the number of samples evaluated was small.  However, in 2/2 

animals that maintained control of the infection we detected unique genotypes expressed 

in the mesenteric lymph nodes. This was in contrast to four animals that were unable to 

control virus replication wherein the majority of tissues expressed the same animal 

specific genotypes.  These data suggest that the GALT can selectively be infected and 

persistently express unique genotypes that perhaps may serve as the inoculum as the 

disease progresses.  

These studies are important because they lend insight into the viral replication 

dynamics in animals controlling infection versus those that succumbed to AIDS. 

Although these studies were limited by our ability to analyze virus evolution at only one 

time point, they represent a basis for further analysis of longitudinally sampled tissues 

throughout infection. 

 136



 

Chapter 8. Comprehensive Discussion
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In 2004 alone approximately 3 million people died from acquired 

immunodeficiency syndrome as a direct consequence of infection by the human 

immunodeficiency virus (294). An estimated 40 million people are currently infected 

with HIV (295) and will die if life saving interventions are not developed. The rapid 

adaptability of the virus to new environments has thus far made eradication impossible. 

Viral evolution is driven by both viral and host factors (26, 31, 36, 59, 67, 100, 

113, 128, 141, 155, 170, 173, 188, 204, 244, 245, 262, 265, 280, 310, 311, 326, 330).  

HIV-1 is believed to have arisen from three separate cross-species transmissions of 

chimpanzee SIV (SIVcpz) into humans while HIV-2 arose from a similar zoonotic 

transmission of sooty mangabey viruses (SIVsm) (72, 169, 263, 264). SIVcpz and SIVsm 

are not known to cause disease within their respective natural hosts (118) while few 

infected humans are known to remain free of the devastating effects of infection (21, 39, 

46, 246). Understanding the interplay between host and virus and the significance that 

genetic adaptation plays in this process is critical to the development of therapeutics 

effective in disease control. Therapeutic drug treatments have become available to the 

developed world and have provided an extension of the disease free period to those who 

respond optimally (83, 91, 233).  Numerous vaccine trials are also underway in an 

attempt to either prevent infection, or to provide a therapeutic benefit to those already 

infected (information on prophylactic and therapeutic vaccine trials is available at 

http://www.aidsinfo.nih.gov/Vaccines/Default.aspx).  Thus far, the protective effects of 

therapy have been limited by the mutation of viral genes that can reduce the susceptibility 

of the virus to either drug treatment (20, 64) or to the induced immune response (9, 228).   
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The focus of this body of work was to study the effects of antiretroviral therapy 

(ART) with and without DNA vaccination, on virus evolution in vivo to determine if 

there is a relationship between genetic diversity and clinical outcome.  The overarching 

hypothesis of this work was that a strong virus specific immune response induced either 

by a controlled infection or by immunization with a potent T cell vaccine, would limit 

virus replication to the point that evolution of the viral quasispecies would be slowed or 

stopped. This event would then lead to a more stationary target for the immune response 

and result in a better clinical outcome.  We additionally hypothesized that the gut 

associated lymphoid tissue (GALT) would serve as a reservoir for virus production, and 

perhaps be revealed by expression of genotypes unique to the site, as a result of 

maintenance of archival virus.  Animals that were infected and untreated, given short-

term ART alone, or treated with ART in combination with DNA vaccines, were used for 

analysis (102).   

The vaccines were designed to induce/enhance the virus specific T cell response 

through the inclusion of the entire coding sequences of the SIV-Fr Gag and Tat proteins.  

These were administered either alone or in combination with a multi-epitope cocktail 

encoding known Mama-A*01 epitopes (10).  Vaccinations were delivered either post 

infection only or pre and post infection. Post infection immunizations were administered 

during treatment with the antiretroviral drug PMPA which was initiated two weeks post 

infection and was continued daily for 28 weeks. Treated animals responded differently to 

PMPA and displayed either a drug responder or poor responder phenotype.  Drug 

responders maintained a plasma virus burden at or below 104 virus copies/ml plasma 

during ART whereas nonresponders had a virus burden of greater than 104 virus 
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copies/ml plasma.  The goal of the immunotherapy was to augment the reduction in the 

virus burden associated with drug therapy and prevent viral rebound once drug was 

discontinued. Thus, efficacy was defined as maintenance of the CD4+ cell population for 

one year coupled with maintenance of a plasma virus load below 104 for six months after 

ART withdrawal.  Efficacy was observed only in responder animals that received the 

gag/tat/multi-epitope immunizations.  This effect was evident in both post infection only 

and pre and post infection immunization groups and was associated with higher and 

broader virus specific T cell response.   

The viral quasispecies was monitored longitudinally in plasma and in lymphoid 

tissues at necropsy in all animals by heteroduplex tracking analysis (HTA). Analysis of 

virus expressed in plasma was performed because virus in the circulation is representative 

of the genotypes associated with disease progression.  Analysis of the genotypes 

expressed in the tissues was performed because this knowledge should provide important 

information regarding organ reservoirs of virus during chronic infection.  Together these 

studies should aid in the design of future antiviral therapies by identifying genotypes 

and/or organs for targeted interventions. 

We first optimized HTA for use with the challenge isolate, DeltaB670. One of the 

two dominant genotypes in the inoculum (clone 3) was subsequently shown to be at a 

replication disadvantage in primary rhesus PBMC when compared to the second 

genotype (clone 12).  Conversely, clone 12 was selected against by in vitro propagation 

of the stock in human T cell lines.  Since this result was demonstrated in vitro without 

immune mediated selection pressure, it supports the conclusion that lost of clone 3 in vivo 

would be due to poor replication fitness and not immune clearance.  Analysis of plasma 
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cDNA demonstrated that expression of clone 3 was lost in the majority of animals 

(10/16) that responded poorly to drug treatment.  Surprisingly, expression of this clone 

was better preserved in animals that responded to ART, whether they received 

vaccinations or not (11/19; we were unable to identify the expressed genotypes in 5 

animals due to expression levels below our limit of detection).  These results suggest that 

the reduction in virus burden associated with a good response allowed maintenance of the 

poorly fit (attenuated) genotype and prevented (more virulent) replication/infection of the 

monkey adapted viruses thereby aiding immunotherapy at the molecular level. A fitness 

advantage of particular genotypes has been demonstrated previously in vitro (306) and in 

vivo (130, 162).  A direct correlation between viral evolution and disease progression has 

not yet been identified.  Even though the use of different co-receptors for entry was 

shown to allow replication in different cell types and resulted in depletion of the CD4+ T 

cell population (262, 327) a progression to AIDS is still seen in individuals infected with 

HIV isolates that do not demonstrate a co-receptor switch.  Attenuated disease 

progression has also been demonstrated in some HIV+ individuals infected with nef-

deleted viral isolates (151, 165, 200).  This deletion has not always been shown to be 

associated with long-term nonprogressor status, however (134, 135). Taken together, 

these results suggest a dominant role for host factors in disease progression.  

Host factors that influence disease progression have been identified in HIV 

infected individuals (195, 199, 227, 247) and SIV infected macaques (175, 236).  A 

differential response to PMPA in our study was also evident by five weeks post 

inoculation, suggesting host factors likely played a dominant role in drug responsiveness.  

This result prompted us to look at host factors present before the initiation of ART.  We 
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compared the acute virus burden and the magnitude of the T cell response in animals 

given drug treatment alone and found there was no difference in these parameters.  

However, although the numbers of animals were limited, a comparison of the number of 

viral variants expressed in responder and poor responder animals in the PMPA treated 

control group during acute infection neared statistical significance (P = 0.057, Mann-

Whitney U test, 2 tailed), with the responder animals expressing fewer viral genotypes 

than the poor responders. We were unable to compare these parameters between the 

vaccinated animals because response to ART was determined during the period of PMPA 

therapy when the animals were also vaccinated and the vaccines could have additionally 

influenced drug responsiveness.  Previous studies in our laboratory however, have 

demonstrated in vitro that primary cell cultures from some animals have faster and higher 

replication kinetics than that seen in cells from other animals (261).  These results were 

mirrored in vivo and resulted in higher plasma virus burdens and a more rapid disease 

progression. It was subsequently determined that this result was due to post entry 

inhibition of the early stage of reverse transcription (123). Although the remainder of the 

virus life cycle was apparently unaffected, his block resulted in fewer cells becoming 

infected in subsequent rounds.  During reverse transcription, partial uncoating of the viral 

core renders the virus susceptible to inhibitory host factors (265, 280) that could 

influence the subsequent disease course.  We can envision that host factors working in 

concert could influence not only the clinical disease course, but also the response to ART 

by differentially suppressing the replication of monkey adapted genotypes   Confirmation 

of this hypothesis must await further analysis of a larger cohort of animals. 
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We also demonstrated by HTA that there was less evidence of viral evolution in 

animals that responded to PMPA, again, whether they received vaccinations or not.  

These results suggest that none of the vaccines were able to affect particular genotypes 

even though they were shown to help in suppressing the virus population over that seen 

by drug treatment alone. Virus specific T cell immune responses were enhanced, both in 

magnitude and breadth, by vaccination when compared to that seen with infection alone.  

A protective immune response has not yet been identified for HIV.  In some studies the 

neutralizing antibody response has been associated with protective effects (192, 223, 243) 

while in other studies the CTL response has been correlated with protection (124, 215, 

312).  Alternatively, selection of escape mutants in the immunodominant Gag epitope 

CM9 occurs only late in infection in Mamu-A*01 animals.  This finding could reflect an 

ability to replicate under immune mediated pressure (210). Together these results indicate 

that numerous factors could be combining to contribute to both disease progression and 

response to ART, with both antibody and T cell responses likely playing dominant roles. 

A positive effect on clinical outcome with PMPA treatment has been shown in 

both HIV and SIV infection even when infection is dominated by drug-resistant virus (22, 

180, 258, 299, 300).  PMPA has been shown to have immunomodulatory effects in 

murine models in vitro and in vivo.  The effects include enhancing natural killer cell 

activity, inducing secretion of both cytokines and chemokines, and enhancing the in vivo 

resistance to viruses that are not sensitive to the drug in vitro (45, 74, 217, 305, 331).   

Although these effects have not yet been demonstrated in the macaque model, in vitro 

studies have demonstrated PMPA primes rhesus PBMC to upregulate IL-12 secretion 

after exposure to bacterial antigens (300).  IL-12 has a diverse role in strengthening 
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innate immunity, including reducing apoptosis (241, 288).  An enhanced T cell response 

and a reduced level of CD8+ T cell apoptosis has been demonstrated in macaques given 

four weeks of PMPA initiated one week after infection that was not seen in untreated 

animals (273).  Together these effects could have rendered a replication advantage of the 

clone 3 genotype, possibly through the combined effects of yet unidentified viral and host 

factors in the responder animals, even though they were unable to eliminate this 

genotype. 

The GALT contained virus copy numbers similar to that observed in peripheral 

tissues in animals with high virus loads in the plasma. However, mesenteric lymph nodes 

had higher levels of virus and expressed unique genotype(s) in two animals that 

maintained control of the infection.  This suggests that this organ may serve as a reservoir 

of persistent expression during clinical latency. A more definitive study in this regard will 

be to serially sample these organs over time during ART.   

A high degree of conservation existed between epitope sequences used in the 

vaccine and those encoded by the challenge virus.  Thus, effective immunization should 

limit the replication of genotypes expressing these epitopes.  Indeed, an earlier study 

using the same vaccine constructs and DeltaB670 as the challenge virus resulted in 

complete protection in 4/7 animals challenged mucosally. Evolution of the viral 

quasispecies was not evaluated in this study, however.  In the present study we observed 

no difference in either the plasma virus burden, or the genotypes expressed at acute 

infection between any of the groups.  Together these results suggest that the vaccine was 

unable to induce global changes in the viral quasispecies.  
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Future Directions.  

The analysis of the virus burden and expressed genotypes provide the first snap 

shot of events later in infection in animals given ART and DNA vaccines.  The lack of a 

demonstrable difference in evolution evident by HTA in the animals that responded to, 

and received only ART, and the vaccine strategies employed in this study is intriguing. 

Monitoring additional regions encoded by the vaccine, in tandem with the V1-V2 

envelope sequences, may demonstrate if changes in specific epitope(s) have occurred 

without loss of the associated V1-V2 region. 

A comprehensive analysis of nonsynonymus changes in T cell epitope sequences 

combined with the ability of the host to respond immunologically to them over time in 

infected macaques should answer this question.   

 

The limited evidence that mesenteric lymph nodes may harbor and express distinct viral 

genotypes during chronic infection also bears further study.  Because the study was 

limited to a cross-sectional analysis of monkeys late in infection that either controlled or 

succumbed to infection, how virus evolves over time within these tissues remains an open 

question. Serial sampling of organs throughout infection would provide a clearer picture 

of events occurring locally, and their association with disease progression. This 

knowledge could potentially aid in the design of future intervention strategies by 

identifying epitopes/genotypes for targeted intervention. 
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In summary, despite the large amount of heterogeneity between the main 

subgroups of HIV, analysis of the available sequence data demonstrate there are clear 

consensus sequences that suggest there is a fitness cost to unrestrained genetic variability.  

Indeed, reversion to a consensus sequence has been suggested upon transmission of an 

HIV CTL escape mutant into a recipient with a different HLA type (112, 170, 206).  Such 

viral reversion has been demonstrated in the SIV model (100, 154).  The fitness cost is 

readily demonstrated when analyzing reversion of drug resistance mutations in the 

absence of drug therapy to wild-type sequences in both HIV (104, 119) and SIV 

infections (216).  This indicates that designing a vaccine that can target a broad number 

of epitopes, preferably those that require multiple mutations for escape, could minimally 

prolong the disease free period of HIV infected individuals.  This will require monitoring 

virus evolution at an epitope level and possibly the genome level when designing vaccine 

strategies to 1)-identify epitopes that require more numerous nucleotide substitutions for 

escape and 2)-to identify attenuation in other regions of the genome that contribute to 

delayed disease progression.   
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