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ABSTRACT 

Most neonates and infants acquire HIV-1 infection as a result of mother-to-infant 

(vertical) transmission and are infected with the minor genotype with macrophage-tropic 

(R5) phenotype of the mother. Several studies suggest that infected infants have a higher 

viral load and develop AIDS more rapidly than infected adults, but the mechanisms of 

this differential HIV-1 infection are not known.  The hypothesis of my dissertation is that 

viral determinants and differential cellular gene expression profiles influence differential 

HIV-1 replication and disease progression seen in neonates vs. adults. This work includes 

characterization of viral determinants, including reverse transcriptase (RT) and envelope 

gp120, and host determinants, including cellular transcription factors and cytokines that 

may be associated with differential HIV-1 replication in infants and adults.  The 

characterization of HIV-1 RT gene from five mother-infant pairs following vertical 

transmission revealed a low degree of viral heterogeneity and a high conservation of 

intact open reading frames comprising functional domains and CTL epitopes. Biological 

characterization of HIV-1 subtype C (predominant subtype worldwide) envelope gp120 

from infected patients from India was performed by constructing chimeras with HIV-1 

subtype B that is prevalent in the United States. Infection of cell lines and primary cells 

with chimeric subtype C/B virus showed that the subtype C env gp120 from patients 

contributed to an increased rate of virus entry, which correlated with higher replication 

efficiencies and virus production in subtype C env chimeras compared with subtype B 

env chimeras ( in subtype B molecular clone) and subtype B primary isolates. Higher 

level of viremia with subtype C infection compared with subype B may be responsible 
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for its rapid disease progression and spread.  More importantly, the mechanisms of HIV-1 

replication in neonatal and adult cells was determined and found that differential HIV-1 

replication in neonatal and adult cells is influenced at the level of HIV-1 gene expression.  

Evaluation of cellular gene expression profile of neonatal and adult mononuclear cells 

performed by microarray analysis identified several factors, including transcription 

factors, cytokines and matrix metalloproteinases that may be associated with increased 

HIV-1 gene expression and replication in neonates and infants. Taken together, these 

results provide new insights into the understanding of mecahnsims of HIV-1 vertical 

transmission, pathogenesis and disease progression in infected neonates and infants.  
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1. INTRODUCTION 

Claiming the lives of about 25 million people worldwide, acquired immune 

deficiency syndrome or AIDS is one of the biggest pandemics mankind has faced. The 

Centers for Disease Control identified this syndrome in 1981 among young homosexual 

men who died of infections that a functional immune system would normally eliminate 

with ease.  This disease was characterized by drastic loss of CD4
+
 T- cells in these 

individuals accompanied by the presence of opportunistic infections and immune 

abnormalities normally associated with a defective immune system (5). Since then, 

human immunodeficiency virus (HIV) has been identified as the causative agent of 

AIDS. This virus was characterized in 1983 in Europe and the United States as a 

retrovirus belonging to the lentivirus group (19, 180).  

Since that first astounding discovery, HIV has been extensively studied and 

characterized and it was believed that this RNA virus would be outwitted with ease. 

Despite all our hopes and efforts, the occurrence of this disease has been rising steadily as 

HIV-1, by chance and by design, mutates rapidly and avoids all the blocks we have 

placed in its path.  Since then we have come to understand that this disease is not just the 

disease of homosexual men, but is also transmitted heterosexually, by transfer of 

contaminated blood and body fluids and from infected mothers to their offspring. We are 

still seeing about 3 million deaths annually with 15,000 new infections every day.  In this 

war of HIV-1 against humanity, this virus has been the cause of loss of entire generations 

from populations and orphaning over 15 million children (247). Even though we have 
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potent anti-retroviral drugs in our arsenal, we have been unsuccessful in eliminating this 

virus from our populations. 

Although HIV-1 does not discriminate between the kings and commoners, this 

pandemic has spread more rapidly in developing countries with Sub-Saharan Africa 

bearing the largest burden (with about 75% all infected individuals) followed closely by 

Asia and South America (247). With the presence of specific social and sexual mores, 

and the lack of social structure and government policies, these countries have been 

battling with HIV/AIDS for over two decades. The discovery of anti-retroviral drugs that 

target the viral enzymes have been found to be successful in reducing the rate of mother-

to-child transmission of HIV-1 (8, 47, 88). Furthermore, the development of highly active 

anti-retroviral therapy (HAART), generally consisting of a combination of three drugs at 

different targets, has had a major impact in reducing the annual death rates and better 

lifestyle of AIDS patients.  Although the use of these drugs has resulted in decreased viral 

load and slower disease progression in infected individuals, these drugs are not without 

their drawbacks. As these drugs can interfere with host nucleic acid replication, the side 

effects of these drugs are numerous (35). In addition, the virus can mutate very quickly to 

overcome the advantageous effects of these medications if any of these drugs are used in 

isolation. The adverse effects, toxicities and development of resistance of these drugs 

minimize the use among infected people and pregnant women and their newborns. The 

prohibitive price of these drugs when used together has prevented them from being 

accessible to the infected population in developing countries who need them the most, 
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although several philanthropic efforts from the developed nations have been made to 

alleviate this disparity.  

Although these methods of controlling the virus after infection have had some 

success, the efforts at prevention and vaccine development have had little effect at 

curbing this pandemic. Even though several billion dollars worth of research efforts have 

gone towards understanding the subtle nuances of this virus’s devious methods, we have 

barely scratched the surface at understanding the way the virus modulates its host 

environment. This lack of complete understanding of the virus’s mechanism of 

pathogenesis has made our standard and our innovative efforts at vaccine development 

unsuccessful. Therefore, it is critical that the fight towards unfogging the haze of HIV-1 

and host interaction continues in order for us to identify novel and critical targets that can 

help us outwit the virus before HIV-1 overcomes our efforts to squelch it. 

1.1 HIV-1 Structure and Biology: 

1.1.1 Virion structure and genome organization: 

HIV-1 is a lentivirus of retroviridae family with 2 copies of positive single 

stranded RNA genome. The two copies of the genome are held together at the 5’ end by 

base pairing and are modified with an inverted 7-methyl guanosine cap and a long (over 

200 residues) poly A tail.  The viral genome follows the characteristic patterns of all 

retrovirus with gag-pol-env structural genes.  Along with these genes, HIV-1 also 

encodes for several regulatory and accessory genes that regulate the viral lifecycle. The 

viral genome is very compact and just over 9kb with several open reading frames to 

accommodate the regulation of the transcription and translation cascade of its genes. 
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Figure 1: Virion Structure of Human Immunodeficiency Virus (HIV-1) 

 

The genome of the virus is encapsidated by the virion structural proteins and 

enveloped by the lipid bilayer host cell membrane studded with virion envelope proteins 

acquired during budding. The virion structural protein Pr
55

Gag is a polyprotein encoded 

by the gag gene and is cleaved to yield the p17 matrix (MA) protein, the p24 capsid (CA) 

protein, the p7 nucleocapsid (NC) protein and p6 protein. The p17 matrix is located 

immediately inside the lipid bilayer envelope, the capsid (p24 CA) forms the virion core 

structure and the nucleocapsid (NC) is present in the core as a ribonucleoprotein 

associated with the viral genome. The lipid bilayer envelope of the virus acquired from 

the host has several glycoprotein spikes expressed on its surface encoded by the env gene 

of the virus that act as an HIV-1 receptor binding protein.  HIV-1 envelope glycoproteins 

consist of a surface (SU) glycoprotein, gp120, which is linked to the transmembrane 

(TM), gp41 protein. The envelope proteins are expressed as a polyprotein, gp160, which 
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is then cleaved into gp120 and gp41 by host cellular proteases. The gp120 acts as the 

primary receptor-binding protein of the virus that is responsible for binding to the 

receptor (CD4) and coreceptor (CCR5 or CXCR4) on the host cell. The viral gp120 is the 

most variable gene of the HIV-1 genome and has been used to classify the several quasi-

species of HIV-1 into subtypes. The transmembrane gp41 is responsible for mediating the 

fusion of the viral envelope with the host cell after attachment. 

 

Figure 2: Genome organization of HIV-1 

 

The viral gene pol encodes for three viral enzymes packaged in the virions, 

reverse transcriptase (RT), protease (PR) and integrase (IN), which are encoded as a Gag-

Pol polyprotein. HIV-1 RT acts as an RNA-dependant DNA polymerase, a DNA-

dependant DNA polymerase and an RNase H.  RT converts the single stranded viral 

RNA genome into a cDNA and then to a double stranded DNA (dsDNA) by DNA 

polymerase activity of the RT.  The RNase H domain of the RT removes the RNA from 

the RNA-DNA hybrid intermediates generated during reverse transcription. RT is a 

highly error prone enzyme and makes mistakes while copying HIV RNA into DNA due 

to lack of 3’-5’ exonuclease activity.  This results in a high degree of genetic variability 

within an infected individual and among infected individuals.  Integrase is responsible for 
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integration of the reverse transcribed viral dsDNA into the host genome. The viral 

protease catalyzes the processing of Gag-Pol precursor polyporteins into mature Gag and 

Pol proteins.  

In addition to structural gag, pol, and env genes, HIV-1 also encodes for two 

regulatory (Tat and Rev) and 4 accessory (Vif, Vpr, Vpu and Nef) proteins.  Tat is a 

transcriptional transactivator and upregulates HIV-1 transcription by interacting with 

TAR in the viral long terminal repeat (LTR).  Rev mediates the transport of singly and 

unspliced viral mRNAs from the nucleus to the cytoplasm for the expression of structural 

proteins via interaction with rev responsive element (RRE) located at the junction of 

gp120 and gp41 genes. The accessory proteins modulate infectivity, overall replication 

and also alter the cellular environment of the host cell allowing for better cell survival. 

All viral proteins are immunogenic and play important roles in immune evasion and viral 

persistence. 

1.1.2 HIV-1 lifecycle and replication: 

HIV-1 causes infection only in the human population whereas its close cousin 

SIV can infect non-human primates and old world monkeys. The life-cycle of HIV-1 

begins with the encounter of viral envelope gp120 with is primary receptor on host cells, 

CD4. The virus predominantly infects the cells of the immune system that express CD4 

such as lymphocytes, monocytes/macrophages and dendritic cells. The virus can also 

infect non-CD4 positive cells in almost all organ systems by using several non-traditional 

receptors. Although the binding of gp120 to CD4 is essential for virus entry, this binding 

alone is not sufficient for infection. It was found that chemokine receptors, mainly 
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CXCR4 and CCR5, act as co-receptors during virus entry into the host cell. The region of 

the gp120 that binds to the co-receptor (CXCR4 or CCR5) is called the V3 region, which 

is also the principal neutralizing domain of the virus.  Viruses that primarily use CXCR4 

as co-receptors are called X4 viruses, whereas viruses that use CCR5 are termed R5 

viruses. While T-cells have higher levels of CXCR4 than CCR5, macrophages have 

higher levels of CCR5 than CXCR4. Once bound to CD4 and either co-receptor, the virus 

is internalized by membrane fusion of the viral envelope with the host cell membrane 

mediated by HIV-1 envelope trans-membrane protein, gp41.   

Following fusion, the viral particles are partially uncoated in the cytoplasm and 

reverse transcription begins. The RT bound to the viral genome uses t-RNAlys as a primer 

to initiate the copying of one strand of the positive sense RNA genome into cDNA.  As 

the RNA-DNA hybrids are formed the RNase H domain of RT digests the RNA strands 

from the hybrids. The polypurine tract in the viral RNA is resistant to this digestion and 

acts as a primer of second strand DNA synthesis. Upon successful completion of reverse 

transcription, the dsDNA circularizes. This circular DNA then associates with several 

viral and host proteins to form the pre-integration complex (PIC) that is transported into 

the nucleus. The PIC includes HIV-1 dsDNA, host factors, integrase and viral proteins 

p17MA and/or Vpr. The transport of the PIC is only possible in the interphase nucleus 

that has passed the G0-G1 checkpoint. Cells in G0 phase do not allow integration. 

Integration of the viral genome is critical for further steps of viral replication. In the 

nucleus, the full-length dsDNA viral genome integrates into the host chromosome in a 

manner that is specific with respect to the viral sequence in the LTR and non-specific 
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with respect to the host genome. Even though integration is thought to be non-specific 

with regards to the host-genome, the viral genome usually integrates near 

transcriptionally active sites. After integration, the viral genome is transcribed by the host 

RNA polymerase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Replication cycle of HIV-1 

  

HIV-1 LTR has several transcriptional elements that allow increased production 

of viral gene expression. Viral mRNA production is initiated due to interaction of host 

cellular transcription factors with HIV-1 LTR and results in the production of un-spliced, 

singly spliced and fully spliced viral mRNA. Early viral transcription is dependant on the 
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recruitment of host cellular transcription factors and differential recruitment of factors 

may cause a disparity in the rate of viral replication. In some cases of quiescent cell 

infection, after viral integration, the viral genome is again wrapped in chromatin, viral 

replication never begins and the infected cells remain quiescent and thus go undetected 

by the host immune system due to the lack of production of any viral gene products and 

lack of virus mediated changes in the host cell. Only upon successful initiation of the 

early viral mRNA production, the complete replication cycle of HIV-1 can continue.  

As eukaryotic nuclei only allow the transport of fully spliced mRNA into the 

cytoplasm, only the fully spliced viral mRNAs are translated into the early gene products, 

which encode for the regulatory genes Tat, Rev and Nef. Tat protein is a transcriptional 

transactivator and is transported back into the nucleus where it acts on the HIV-1 LTR 

allowing chromosomal remodeling by recruitment of host factors and binding to newly 

synthesizing viral mRNA causing up-regulation of viral transcription many fold. The 

singly spliced mRNAs (env, vif, vpr, vpu) and unspliced mRNAs (gag and gag-pol) are 

regulated by Rev, which prevents the degradation and influences the transport of these 

mRNAs by binding to a rev-resposive element (RRE). Some viral mRNAs are then 

translated into polyproteins, including Env gp160, Gag (p55) and Gag-Pol (p160). The 

Env gp160 is cleaved by cellular proteases, whereas precursors Gag (p55) and Gag-Pol 

(p160) are cleaved by HIV-1 protease. The Gag (MA p17) and envelope (gp120 and 

gp41) proteins possess amino acids that target them to the plasma membrane of the host 

cell. The full-length genomic RNAs are then packaged into a nucleocapsid complex, 

which is then surrounded by capsid protein (p24) and matrix protein (p17) and forms an 
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electron dense ‘bud’ which then buds out of the host cells as immature particles acquiring 

the host lipid bilayer with the envelope gp120 and gp41. During  or after budding, further 

processing of the Gag-Pol polyprotein by the viral protease yields mature HIV-1 virions 

that can infect neighboring host cells. 

1.2 HIV-1 Infection and Diversity 

1.2.1 HIV-1 pathogenesis: 

The common routes of transmission of HIV-1 in adults are through sexual 

intercourse, blood and blood-derived products and the use of contaminated needles. In 

children, transmission is predominantly vertical (mother-to-child). Mother-to-child 

transmission occurs pre-partum, intra-partum and post-partum (during breast feeding). 

HIV-1 is primarily spread from cell-to-cell, although cell free virus is also seen in 

abundance during early stages of the disease or acute retroviral syndrome, and during 

symptomatic AIDS. 

The course of HIV-1 infection has an initial period of primary infection with a 

high viral load, followed by a clinical latency with no symptoms. A viral set point is 

achieved as the immune system starts to recognize viral proteins and infected cells, and 

both humoral and cell-mediated immune responses are elicited. From this stage the 

infected individuals can progress rapidly (20%) or slowly (60-80%) to AIDS or stay 

asymptomatic for over 15 years as long term survivors (5-10%). During this period of 

viral disease, there is no viral latency in infected individuals as there is a continuous 

production of low levels of virus, and viral genomes can be detected in quiescent and 

non-dividing cells. The transmitted virus usually demonstrates an R5 phenotype (10, 143, 
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207) and infects macrophages that express a higher level of CCR5.  Macrophages, being 

resistant to apoptosis, usually produce virus at low levels for long periods (83, 137). The 

host immune system continuously mounts an immune response against the mutating virus 

and the emerging virus continuously evolves to select for variants that can escape the 

immune system.  This arms race between the virus and the immune system continues and 

several diverse factors can affect the outcome of the disease.  The host generates 

antibodies to several viral proteins to contain the released virus and these responses are 

detectable in the serum of infected individuals. As the virus continues to mutate epitopes 

of all immunogenic viral proteins, the host continues to struggle to mount efficient anti-

viral responses against new variants. The immune system generates immune effectors 

specific to the mutated viral proteins and some virus clearance occurs and then the virus 

mutates to generate another range of viral epitopes that the immune system then responds 

to. During this period, although viremia is kept in check at a low level, there is a large 

turnover of the host immune machinery. There are no clinical symptoms observed during 

this period, even though virus replication is taking place.  
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Figure 4: Disease progression and immune response during HIV-1 infection 

  

Rapid progressors demonstrate very short durations of clinical latency, whereas 

long term non-progressors have very long periods of latency and some individuals have 

not progressed to AIDS even after 20 years of HIV-1 infection. As time progresses, the 

host immune responses can no longer contain the viral replication.  The evolving virus at 

an undefined point in its evolution in the host turns from a non-cytopathic R5 tropic virus 

to a more cytopathic X4 tropic virus that aggressively infects CD4
+
 T-lymphocytes, 

causing destruction of the host cells upon virus release (218, 236-238). The replication of 

virus in T-cells resulting in T-cell death can cause a prolonged and cumulative loss of 

these immune effector cells. Death of un-infected immune cells occurs due to the 

secretion of viral protein gp120 and Tat, which are toxic to cells, and also due to Fas-

FasL mediated killing of T-cells by infected macrophages. As the immune system 



 30 

becomes impaired during AIDS, CD4 levels drop below 200 cells/mm
3
 and viral load 

increases. Thus due to the loss of immune effectors, the host succumbs to opportunistic 

infection caused by intracellular bacteria, fungi and other pathogens and death results due 

to these infections. 

1.2.2 Vertical Transmission:  

Mother-to-child transmission is the primary mode of HIV-1 infection in children 

where over 90% of children acquiring the virus, get it from their infected mothers (4, 

215). Since close to 50% of all new infections in adults occur in women between the ages 

of 18-24 which is considered the child bearing age for women, there is an increased risk 

of escalation in vertical transmission. Statistics from 2005 estimated approximately 

700,000 new infections in children bringing up the number of children living with AIDS 

to 2.3 million (247). Just as there are over half a million new infections in children, there 

are over half a million children dying due to AIDS every year. These deaths represent 

about 20% of global HIV/AIDS related deaths. The high death rates in children can be 

decreased significantly by the administration of anti-retroviral drugs which are still 

unavailable in regions of the world where they are needed the most. As vertical 

transmission is the only mode of HIV-1 infection that can be successfully prevented by 

the use of anti-retroviral therapy and appropriate serological testing of pregnant women, 

these practices have become more routine in developed countries such as United States 

and the European Union, thus bringing down the levels of new infection in children 

drastically. 
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1.2.2.1 Modes of vertical transmission:  

Perinatal transmission can occur at 3 stages during gestation − prepartum (in-

utero), intra-partum (during birth) and post-partum (during breast feeding)(1, 27, 145, 

270). The timing of vertical transmission is usually determined by detection of viral 

genome in infants. Usually in infants at risk who are not breast fed, detection of viral 

genome by PCR immediately after birth is indicative of pre-partum infection. If these 

infants are PCR negative in the early testing, but turn positive by few weeks, transmission 

is said to have occurred intra-partum. Delineation of intra-partum and post-partum 

infections in infants-at-risk is difficult in infants who are breast-fed as they are 

continuously exposed to the virus in breast milk (45). As breast-feeding is critical for 

child survival in developing and under-developed or developing countries, post-partum 

infections have been significantly increasing in these regions.  

  Pre-partum transmission: The first evidence of in-utero infection came from 

detection of HIV-1 in fetal tissue from first and second trimester abortions. Although 

detection of HIV-1 in peripheral blood of newborn suggests that the in-utero infection 

should have occurred weeks prior to parturition, phylogenetic analysis has suggested that 

in-utero infections most likely occur late in gestation. In-utero infection can occur as 

HIV-1 can pass through the placental barrier (213). As infected lymphocytes and 

macrophages (144, 214) also pass through the placenta and as some are extruded through 

the membrane during inflammation, infected cells can transmit the virus to the fetus (65). 
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Thus bacterial, fungal or viral infections in the mothers that cause inflammation in the 

uterus or vagina may facilitate inflammation and transmission of HIV-1 to infants (232). 

Intra-partum transmission: Intra-partum infections occur due to the contact of 

the infant skin and mucous membranes with infected blood and maternal secretions 

during delivery. This mode of transmission accounts for over half of all cases of HIV-1 

transmission to infants. Onset of labor and contractions also seems to exert pressure of 

placental contents and may cause the transmission of the virus (122). Data suggests that 

vaginal deliveries and extended labor may increase the risk of intrapartum transmission 

of HIV-1. Optional caesarian deliveries have been shown to decrease the risk of 

transmission only if performed before onset of labor (191). 

Post-partum transmission: As all the maternal body fluids are reservoirs of HIV-

1, breast milk can also transmit the virus to newborns (118). Although HIV-1 is very acid 

labile and sensitive to the gastric contents of the stomach, post-partum transmission 

through breast milk is thought to occur due to the prolonged exposure of gastro-intestinal 

mucosa of infants to HIV-1 in breast milk (3). In the United States and other developed 

nations, HIV-1 infected mothers are routinely asked not to breast feed their infants due to 

risk of post-partum transmission. However, in under-developed nations, malnutrition and 

significant risk of bacterial infection associated with formula feeding outweighs the risk 

of HIV-1 infections associated with breast feeding (222). 

1.2.2.2 Risks associated with vertical transmission: 

Several factors predispose vertical transmission of HIV-1 from infected mothers 

to their newborns. These factors include host and viral determinants, which may act 
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independently or in conjunction to increase/decrease the risk of vertical transmission (10, 

37, 128, 146, 202, 205). 

Host factors in the mother are usually linked to her disease status and health 

(156). In asymptomatic mothers transmission occurs at about 20-30%, whereas this rate 

can double and be as high as 65% in mothers who have progressed to AIDS (9, 10). 

Higher viral load and lower CD4 counts in the mother are usually predictive of vertical 

transmission (9, 10). Recent studies have shown that maternal health and low or no 

weight gain during pregnancy also predisposes transmission of HIV-1 to fetuses (138, 

165). As a significant percentage of transmission occurs during birth, there are several 

factors that can increase the risk of vertical transmission during this period (119). 

Infections and inflammation in the vagina or cervix can increase the risk of vertical 

transmission. Prolonged contraction is thought to expose the newborn to HIV-1 due to 

ascension of placental contents (which contain virions and infected cells) into the child 

(122). Prolonged exposure of the infant’s skin and mucous membranes to mother’s 

infected blood and cervico-vaginal secretions can also increase the rates of transmission 

(2). Usually both the above two risk factors can be avoided by elective caesarean section 

before the onset of labor. However, many pregnant HIV-1 infected mothers in developing 

countries have little access to pre-natal care or to medical attention during delivery. 

Usually the infant has already been exposed to contaminated maternal secretions before 

medical interventions are sought.  

Post-partum transmission of HIV-1 has been on the rise in nations where 

awareness to pre-partum and intra-partum prevention procedures has increased. It is easy 
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to believe that post-partum transmission of the virus should be easiest to prevent before 

one observes the realities on the ground. Malnutrition is rampant in areas where most 

cases of HIV-1 vertical transmission occur. The lack of sanitary conditions, clean water 

and sterilization techniques make infant milk formulations more dangerous to the life of 

the newborn than HIV-1. Diarrhoeal diseases are common in neonates in these 

developing nations where prevention of post-partum HIV-1 transmission is being 

attempted. Several alternative approaches such as surrogate feeding and boiling of 

expressed breast milk are available (94). Due to lack of adequate support for new mothers 

and existence of social taboos, these alternatives are not in extensive practice. 

1.2.2.3 Molecular and biological characterization of HIV-1 associated with vertical 

transmission: 

There are several viral characteristics of transmitted viruses that are associated with 

vertical transmission. Several studies have shown that the minor genotypes the of the 

heterogeneous maternal virus population is transmitted to the infants (142, 149, 159) and 

initially maintained with the same properties in the infants (11).  Furthermore, it was 

found that the transmitted HIV-1 variant is of the macrophage-tropic (R5) phenotype 

(143, 207, 210). Selective transmission of the transmittors’ minor genotype with R5 

phenotype has also been shown during sexual transmission of HIV-1 (248, 269).  The 

high degree of HIV-1 genetic diversity generated by error-prone reverse transcriptase 

leads, over time, to the accumulation of divergent genotypes (quasispecies) in both 

infected adults and infants. In contrast, the virus population in newly infected individuals 

is typically homogenous in the env gene and has a macrophage-tropic (R5) phenotype 
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(43, 150), confirming that R5 viruses are involved in transmission.  Moreover, 

transmission of the minor R5 variant was demonstrated even when a lymphotropic (X4 

phenotype) variant was predominantly present in the transmitter (258).  In addition, less 

sequence complexity has been noted in the V3 region of gp120 shortly after sexual and 

parenteral transmission than in the gag p17, env gp41 or nef gene regions, possibly due to 

selective pressures on these regions during transmission. It is likely that under immune 

selection pressure, escape variants in the mother’s viral milieu may be transmitted to the 

fetus. 

 Results from systematic analysis done in our laboratory of several HIV-1 genes 

involved in transmission suggest that there is a differential level of heterogeneity in 

transmitting and non-transmitting mothers. Molecular characterization of several HIV-1 

genes, including structural genes (env and gag), regulatory genes (tat and rev) and 

accessory genes (vif, vpr, vpu and nef) has been performed. In the genetic analysis of 

HIV-1 genes associated with vertical transmission, there was a low degree of sequence 

variability and high conservation of functional motifs in env V3 (11), env gp41, gag p17 

(74) , gag NC (255), tat (93), rev (188), vif (264), vpr (263), and nef  (75) genes from 

transmitting mothers and their infants. In addition, the mother and infants sequences 

clusered in a subtree, suggesting that epidemiologically linked sequences are closer to 

each other than epidemiologically unlinked sequences (11, 74, 75, 93, 188, 229, 255, 262, 

263).  These studies found that there were patient-specific, mother-infant pair specific 

and all transmitter-recipient pairs specific sequence motifs, which may be targeted for 

preventive strategies.  Our data also suggest that HIV-1 sequences of env (142), gag p17 
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(73), vif and vpr (262) genes from non-transmitting mothers (mothers who did not 

transmit the virus in the absence of anti-retroviral therapy) showed limited heterogeneity 

and low conservation of functional motifs. However, the gene, reverse transcriptase, 

which is responsible for generating variants during HIV-1 infection, has not been 

analyzed from infected mother-infant pairs involved in vertical transmission. Analysis of 

RT may provide new and useful information because RT is responsible for generating 

HIV-1 heterogeneity, which influences vertical transmission. 

1.2.3 Pediatric HIV-1 Infection: 

HIV-1 can be transmitted to newborns from infected mothers by vertical 

transmission. Although the molecular mechanism of how vertical transmission occurs is 

not clearly understood, this mode of transmission accounts for about 90% of all HIV-1 

infections in children. Like horizontal transmission, vertical transmission also involves 

the transmission of HIV-1 predominantly of the R5 phenotype, which is then maintained 

in the infants (9, 10, 207). In contrast to X4 variants associated with rapid disease 

progression in adults (17, 180, 236), rapidly progressing infants retain the R5 phenotype 

(18, 36, 37, 210, 266). Virus replication and disease progression are significantly 

different between infected infants and adults. HIV-1 infected infants have been seen to 

die of AIDS faster than infected adults (193, 240, 243). By 18 months to 2 years, nearly 

all infected children show AIDS symptoms and develop clinical AIDS by about 3 years 

as opposed to adults where clinical latency can range from 2-10 years (25, 37). Infants 

with AIDS have higher preponderance to AIDS associated dementia and several other 

neurological abnormalities compared with infected adults (24, 58). Bacterial infections 
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and unique types of lymphocytic pneumonia occur frequently in infected infants. Several 

studies have studied the role of promoter polymorphisms in the CCR5 gene in HIV-1 

transmission. Data suggests that polymorphisms in the CCR5 promoter (59353C, 59356A 

and 59402A) are associated with faster disease progression in children (172). 

This differential disease progression in infants could be attributed to the relative 

immaturity of the infant’s immune system and its inability to aggressively fight a rapidly 

mutating virus such as HIV-1. In infants copy numbers of the virus stabilize at about 

7x10
5
/ml by 2 months and stay constant up to a year, whereas in adults the viral load 

drops after an initial peak (7). It is interesting to note that infants have significantly 

higher CD4 counts (upto 5000/mm
3
) than adults (approx 1000/mm

3
) (37). It is also likely 

that there is a greater availability of susceptible target cells in neonates on account of the 

fact that the immune system is in a developmental phase. Rapid progression seen in 

infants may be due to increased replication of virus and may also be due to rapid loss of 

T-cell population induced by the virus. The rapid loss of immune effectors causes 

opportunistic infections to set in sooner in children than in adults. 

1.3 Roles of viral determinants in HIV-1 pathogenesis and disease 

progression 

1.3.1 Viral diversity:   

HIV-1 is characterized by its capacity to mutate and generate several mutant 

variants that can escape the highly specific antibodies and cytotoxic T-lymphocytes 

(CTL) that are generated for the original epitopes of the virus (257). This variation leads 

to the generation of large number of variant genomes within an individual, termed quasi-
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species. These quasi-species when transmitted to new individuals independently evolve 

in that host generating several sub-populations of the virus in the infected populace. This 

rapid evolution of virus can be tracked phylogenetically within an infected individual and 

from transmitter-recipient pairs by sequencing of HIV-1 variants circulating in peripheral 

blood. These variants arise due to the error prone reverse transcription of virus where the 

enzyme reverse transcriptase generates errors at a rate of  1-5 x 10
-4

 errors per round of 

replication (140, 184), thus generating one error per infecting genome. This is several 

orders of magnitude higher than the average error rate of the eukaryotic DNA 

polymerases (10
-9

) and RNA polymerases (10
-6

). As more than 10
9
 viral particles are 

made every day, several mutations accumulate in infected individuals.  However, not all 

of these variant viruses are functional and defective and unfit variants are weeded out 

every replication cycle of the virus. If the mutations generated are not in the regions of 

the dominant epitopes of the virus, then the existing immune modulators can eliminate 

the mutant viruses. These forces of immune selection pressure that exist within each 

individual determine the heterogeneity and infectivity of the existing quasi-species within 

an individual.   

Several longitudinal studies have revealed a pattern of HIV-1 quasi-species 

evolution. Virus infecting a new host is usually of the R5 phenotype and the virus 

population initially displays a low level of diversity in its genomes. Diversity is defined 

as the degree of genetic difference among the existing viral genomes. As the virus 

replicates several times within the host, viral diversity increases and the emerging viruses 

can then escape the existing immune response (72). Attempts have been made to use viral 
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heterogeneity as an indicator of transmission and disease progression with several 

contradictory results. Several studies have indicated an inverse relationship between viral 

heterogeneity and disease progression (53, 54, 132, 136). However, a recent study has 

shown an associated between increased viral diversity and rapid disease progression 

(154). It is also possible that if the virus were more heterogeneous, transmission would be 

more likely.  Our work has shown this to be true in cases of vertical transmission of HIV-

1 from mother to child. As explained earlier, the earliest variants in an individual are of 

the non-cytopathic R5 phenotype and continuous evolution results in the emergence of 

the cytopathic X4 variants. The appearance of X4 variants coincides with a decline in the 

rate of diversification (72). In essence, a limited number of X4 variants outcompete most 

other variants that differ in tropism and cytopathicity. The decrease in diversity and 

divergence as well as the outgrowth of X4 variants is coincidental with the onset of 

symptomatic AIDS. 

1.3.1.1 HIV-1 reverse transcriptase:  

Viral heterogeneity is one of the classical means by which HIV-1 evades the host 

immune system.  The heterogeneity of HIV-1 is attributed to the error-prone reverse 

transcriptase (RT) enzyme, which is responsible for converting the single stranded viral 

genomic RNA to double-stranded DNA that integrates into the host chromosome (70). As 

reverse transcription is the first step of the viral replication cycle, errors made at this 

stage ensures propagation of the erroneously copied genome to form the quasi-species of 

HIV-1 found in infected individuals. These quasi-species infect other uninfected target 

cells and the cycle of error-prone reverse transcription continues.  Our previous work 
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with perinatal transmission of HIV-1 shows that HIV-1 sequences from transmitting 

mothers (mothers who transmitted HIV-1 to their infants) were more heterogeneous 

compared with HIV-1 sequences from non-transmitting mothers (mothers who failed to 

transmit HIV-1 to their infants) (142, 262). This suggests that the reverse transcription 

step which is responsible for generation of viral heterogeneity may also play an important 

role in vertical transmission. The RT gene is unique in that it is also exposed to the same 

mutating effects of the RT enzyme as other parts of the HIV-1 genome. 

The HIV-1 RT shows significant sequence and structural similarity to other viral 

reverse transcriptases as well as viral and bacterial RNA polymerases (106, 124, 241). 

HIV-1 RT is a heterodimeric protein comprising of two subunits, 66 kDa and 51 kDa.  It 

is encoded as a Gag-Pol precursor, Pr160
gag-pol

, which is cleaved by viral protease to yield 

Gag protein and the viral polymerase which codes for RT (56, 70). The larger subunit 

(p66) of the heterodimer acts as an RNA-dependant DNA polymerase, a DNA-dependant 

DNA polymerase and has RNase H activity associated with the C-terminus (55, 71), 

whereas the p51 subunit lacks the C-terminus RNase H activity, is folded differently from 

the p66 subunit and is thus inactive (85, 124, 126, 183). The p66 is folded to form a 

structure similar to a right hand with palm, finger and thumb subdomains (32, 98, 112) 

that are connected to the RNase H by the “connexion” subdomain (98, 104, 105).  
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Figure 5:  Schematic representation of HIV-1 RT (colored) with double helix template (in 

gray) 

Each domain has several secondary structural elements which are critical for 

primer binding, template binding (56, 57, 66, 98, 112) and nucleotide recruitment (78). 

More specifically, the aspartate residues at positions 110, 185 and 186 are believed to be 

the active sites of the polymerase and are located in the palm subdomain at the bottom of 

the DNA binding cleft (55, 71, 126).  Mutations in these subdomains and sites abolish the 

enzymatic activity of HIV-1 RT (32, 38, 98, 124, 134, 160) and alter viral replication, 

which may also affect HIV-1 mother-to-infant transmission.  Reverse transcription begins 

with the conversion of the positive sense single stranded RNA to make a minus strand of 

DNA. As the RNA is being copied to DNA by the RNA-dependant DNA polymerase 

function of RT, the RNAse H domain removes the viral RNA from the RNA-DNA 

hybrid. The polypurine tract in the virion RNA is resistant to this RNAse H activity and 
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is responsible for priming of the positive sense second strand DNA synthesis. This results 

in circular double stranded DNA molecules (2LTR circles) that associate with viral and 

cellular proteins to form the pre-integration complex (PIC) which is transported to the 

nucleus. The viral protein integrase catalyses the integration of the dsDNA genome of 

HIV-1 into the host causing the host cell to be permanently infected. As HIV-1 RT is 

highly error prone during reverse transcription, several mutations are present in the 

dsDNA genome of HIV-1 when it integrates into the host cell. This integrated genome 

then makes all the necessary viral proteins (which are now mutated forms of the parent 

viral proteins) and makes copies of the viral RNA genome for new virions that are 

released from the cell. Thus the incorrect copying of the viral RNA by RT in the first step 

of the HIV-1 lifecycle ensures the continuity of HIV-1 by allowing generation of mutant 

viruses that can evade the existing immune system. 

The most effective anti-retroviral drugs have been aimed at the enzymatic activity 

of HIV-1 RT. These include drugs that act as nucleoside analogs termed nucleoside 

reverse transcriptase inhibitors (NRTI) such as azidothymidine (AZT) (195) and 3TC or 

non-nucleoside reverse transcriptase inhibitors (NNRTI) such as efavirenz or nevirapine 

(51). The use of these drugs has shown a lot of promise in improving the lifestyle of 

patients living with HIV-1 and has helped drastically reduce the rates of vertical 

transmission. However, this highly mutating virus has rapidly evolved to overcome the 

positive effects of these drugs and several resistant strains have arisen (20, 196). The 

capacity of HIV-1 RT to mutate and become resistant to these drugs has now made it 

necessary to discontinue the use of these drugs in monotherapy. 
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1.3.2 HIV-1 and its subtypes: 

HIV-1 RT generates mutations throughout the genome of the virus including in its 

own gene. However, most of the mutations that are seen in HIV-1 reside in the envelope 

gp120 gene of the virus. This could be due to the fact that the immune system exerts most 

pressure on the envelope gene predisposing the selection of variants that can evade potent 

immune responses, which are against the envelope variable regions. The variants 

generated by mutation in the HIV-1 genome are termed as quasi-species within an 

individual and are grouped into several HIV-1 subpopulations in the infected population 

taken as a whole. These sub-populations called subtypes or clades belong to 3 groups, M, 

N and O. The M group consists of all the subtypes of HIV-1 that are responsible for the 

current HIV-1 pandemic (117, 133, 162, 163). The different subtypes of HIV-1 were 

originally classified solely based on the envelope gene sequences, although the current 

classification includes variations throughout the genome of HIV-1. The subtypes are 

approximately equidistantly related (116) (Fig 6) exhibiting 25%-35% amino acid 

sequence difference in their Env protein and upto 20% difference within subtypes. 

 

 

 

 

 

 

Figure 6: Groups and Subtypes of HIV-1 
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The different subtypes of HIV-1 (A-J) are segregated in different geographical 

regions of the world, although increased world travel and immigration has caused most 

subtypes to spread worldwide. As of today, over half of all HIV-1 infected people in the 

world are infected by subtype C (59). However, this was not the case over a decade ago, 

when subtype A (which was the major HIV-1 subtype in the heavily affected regions of 

sub-Saharan Africa) was the most predominant subtype. Subtype C now is the 

predominant subtype in Africa and in Asia (69, 99, 139, 147, 171, 251), the two major 

continents that bear the greatest burden of the virus. 

 

 

 

 

 

 

 

 

Figure 7: Prevalence of HIV-1 subtypes by geographical region. 

 

The different subtypes of HIV-1 have different rates of virus replication and 

disease progression. It has also been shown that subtype C rapidly predominates over all 

the other HIV-1 subtypes after being introduced in those populations in several African 

and South American studies (147, 223).   
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Several studies done in Brazil show that despite the fact that subtype C appeared 

more recently than subtype B, subtype C is now the most predominant strain in the region 

(23, 223). In rural Malawi an evolutionary study was done over a period of 8 years to 

study the prevalence and predominance of different subtypes in that region (147). Data 

showed that although subtype C was prevalent at comparable levels to other subtype 

early in the study, in a short period of 5 years over 90% of all infected people tested had 

subtype C (147).  

It is possible that subtype C viruses are endowed with unique biological properties 

that make them successful in establishing rapidly growing epidemics. Studies on 

differential regulation of subtype specific HIV-1 shows that subtypes B, C and E show 

differential interactions between HIV-1 LTR, Tat, TAR and host factors (157, 190, 201). 

The LTR of subtype C contains three NF-κB binding sites (161, 169) (instead of the 

usual two sites seen in other subtypes) which might allow the virus to replicate rapidly in 

the host and cause faster disease.  Multiple features characterize the subtype C epidemic 

including higher viral loads (174), rapid disease progression (151), increased levels of 

intra-subtype diversity (170, 250) and CCR5 tropism (6, 176, 177, 244). Several studies 

have shown that individuals infected with HIV-1 subtype C were more likely to spread it 

both by horizontal and vertical transmission (102, 192, 223). Pregnant women infected 

with subtype C were significantly more likely to shed HIV-1-infected vaginal cells than 

were those infected with subtypes A or D (102, 174). It is thus also likely that this 

subtype of HIV-1 may have a differential rate of entry as compared to other subtypes.  
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1.3.2.1 HIV-1 envelope gp120:  

HIV-1 enters host cells by the binding of viral envelope protein gp120 to host 

receptor CD4 and co-receptor CXCR4 or CCR5 (44, 60, 175, 221) on T lymphocytes, 

monocytes, macrophages and dendritic cells (16, 26, 60, 182).  The envelope surface 

protein gp120 is synthesized as part of a gp160 precursor polyprotein and is then cleaved 

by cellular proteases (148)  in the Golgi during transport to the cell surface to yield gp120 

and gp41. After translation the protein is post-translationally glycosylated such that 

approximately half the molecular mass of gp120 is composed of oligosaccharides (61).  

These two subunits (gp120 and gp41) remain non-covalently connected and trimerize on 

the surface of the virion. Analysis of env sequences from a large number of HIV-1 

isolates shows that gp120 is highly variable although this variability is not uniform across 

the protein.  

 

 

 

 

 

Figure 8: Structural elements of HIV-1 envelope 

 

HIV-1 gp120 is made up of five variable regions, including V1, V2, V3, V4 and 

V5 that are interspersed with conserved regions (227).  The potential pathogenic region 

of HIV-1 presumably lies within these variable regions, especially in the V3 region 

comprising of 35 amino acids arranged in a disulphide loop containing two cysteine 
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residues (153). This V3 region has been designated as the principal neutralizing 

determinant because virus-neutralizing antibodies are elicited by peptides encompassing 

the V3 sequence (100, 125, 175). While the V3 hypervariable region is important for 

virus infectivity (95, 96, 158), virus neutralization (100, 125, 175, 204), replication 

efficiency and host cell tropism (219, 256), the V1-V2 regions influence replication 

efficiency in macrophages by affecting virus spread (228, 242).  Site-specific mutations 

in the V3 region of X4 tropic virus  can confer macrophage-tropism (R5) and abolish 

ability to infect some T-cell lines (219). However, mutations in V3 of an R5 tropic 

(macrophage tropic) virus reduces replication capacity in macrophages but does not 

confer the ability to propagate in T-cell lines (52). It has been proposed that the V3 

domain from different HIV-1 isolates can assume distinct conformations that determine 

preferential tropism for lymphocytes or macrophages assigned to these domains. It is 

likely that the V3 regions of HIV-1 subtype C may provide the virus a preferential 

advantage over other subtype resulting in easier dissemination and virus shedding 

causing selective spread of this subtype. 

1.4 Role of host factors in differential HIV-1 replication in neonatal and 

adult mononuclear cells 

During HIV-1 disease, the host continuously battles the virus to eradicate it from 

all infected tissue. However, HIV-1 viral proteins can interact with several host proteins 

resulting in the modulation of the host environments supporting viral survival. This is 

seen by differential viral replication among hosts as rapid progressors, normal 

progressors and long term survivors. Although viral determinants may play significant 
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roles in the progression of the disease, several host components such has CAF have been 

identified in long term non-progressors that may contribute to slower viral disease. In 

contrast to adults, infants progress to AIDS very rapidly. This may be due to the 

immaturity or increase activation state of the infant immune system. However, it would 

be interesting to determine, if replication and pathogenesis of the virus is different in 

infants compared to adults 

1.4.1 Differential replication of HIV-1 in adults and neonates: 

In-depth studies have been performed in our laboratory to study the differential 

rates of HIV-1 replication in infants and adults. In our recent work, we determined the 

mechanims of HIV-1 infection in neonatal and adult mononuclear cells (187) that may 

influence a faster disease progression in neonates and infants compared with adults. Cells 

from umbilical cord blood were used to represent neonatal cells as cord blood obtained 

from the umbilical cord of the newborn is very similar to that of neonatal blood due to the 

presence of immune cells of the more naïve phenotype (CD45RA
+
). Replication of HIV-

1 primary isolates (Fig. 9 and 10) and lab adapted strains show that primary cord blood 

lymphocytes and monocyte-derived macrophages (MDM) support increased levels of 

HIV-1 replication. 
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Figure 9:  Replication of HIV-1 primary isolates in cord and adult blood lymphocytes. 

 

 

 

 

 

 

 

 

 

Figure 10: Replication of HIV-1 primary isolates in cord and adult blood monocyte 

derived macrophages (MDM). 

 

Further analysis was performed to identify the stage of HIV-1 replication that may 

be contributing to this difference. We and others (155) have identified that the levels of 

CD4 receptors and chemokine coreceptors CXCR4 and CCR5 are identical in cord and 

adult  blood mononuclear cells, both lymphocytes and  MDM (187). We have ruled out 

the role of cell proliferation as the cause of increased HIV-1 replication in neonates as 

proliferation of cord and adult lymphocytes and MDM were not significantly different 
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(187). The differential levels of HIV-1 reverse transcription intermediates were also 

examined in infected cord and adult mononuclear cells. These PCR based studies showed 

that levels of virus entry, reverse transcription and the transport of the pre-integration 

complex into the nucleus were identical in cord and adult cells (187). As cell 

proliferation, receptor expression, virus entry or post-entry events were not significantly 

different in cord and adult cells, this study examines the role of HIV-1 gene expression in 

these cell types. This study attempts to establish the molecular mechanism that may cause 

the differential replication and disease progression seen in infants. 

HIV-1 LTR driven gene expression can be studied by infecting lymphocytes and 

MDMs from cord and adult cells by a single cycle replication competent pseudo-virus, 

which includes a firefly luciferase driven by the LTR to estimate the levels of HIV-1 

gene expression. Any differential rate of HIV-1 gene expression in cord and adult blood 

mononuclear cells seen by this method would most likely indicate that early HIV-1 LTR 

based transcription is differentially regulated in cord vs. adult cells. Early transcription 

events in HIV-1 infection are due to the recruitment of host cellular transcription factors 

to the HIV-1 LTR driving the production of early viral mRNA. These early viral mRNAs 

encode for HIV-1 regulatory genes, which then modulate HIV-1 gene expression and 

replication. I have studied the levels of host cellular transcription factors that may 

contribute to this increased HIV-1 LTR based transcription in cord and adult cells. 

 The gene expression profile of un-stimulated cells will provide us with a snapshot 

view of what is inherently different in the mRNAs expressed between cord and adult 

blood mononuclear cells. Although, there might be several differences in un-stimulated 
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cord and adult mononuclear cells, stimulation may abrogate these differences or 

upregulate them.  As it is these stimulated cells that are infected, the differential levels of 

host transcription factors can contribute to differential levels of early HIV-1 gene 

expression in adults and neonates. Post-infection, the cellular environment is modified to 

react to HIV-1 infection and examination of cellular gene expression profiles in infected 

cells and how they differ from un-infected cells may give us insights into why there is 

differential rate of disease progression in infants. 

1.4.2 Role of host cellular transcription machinery: 

The molecular interaction between the host and HIV-1 is key to understanding the 

pathogenesis of the virus. However, we still do not have the perfect picture of the precise 

molecular mechanism of the lifecycle of HIV-1. During infection, HIV-1 drives a vast 

program of host factors due to the expression of multifunctional viral proteins such as 

Nef and Tat. The regulation of HIV-1 gene expression involves a complex interplay 

between specific cellular transcription factors (199), viral genes and the host immune 

components that affect the outcome of HIV-1 replication and disease progression. The 

aberrant host expression during acute infection of HIV-1 may also be responsible for the 

evasion of host immunity and allow better virus survival and spread. Some studies have 

shown marked decrease in genes regulating the innate immune responses correlated with 

increased viral replication (31). However, the global effects of viral infection on host cell 

gene expression are largely unknown. Although several studies have shown the roles of 

one gene or a group of genes in and their role in HIV-1 disease, it is essential to look at a 

wider, more panoramic view of entire patterns of host gene regulation to study how the 
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host combats the virus and the how the virus survives and eventually defeats the host 

immune system. As infants have a significantly different disease progression in response 

to HIV-1 infection, it is possible that this view of virus-induced cellular gene expression 

profile in neonates might be quite different from those seen in adults. Today’s technology 

has given us access to examine several thousand genes and their expression patterns from 

a single sample of RNA by microarray analysis (33, 211, 212). The efficient and prudent 

use of this tool will allow for better understanding of biochemical changes that occur in 

HIV-1 infection and provide us with newer starting points to counter the imbalances that 

HIV-1 has in its favor. Microarrays consist of ordered sets of cDNAs or oligonucleotides, 

each representing a single gene, immobilized as spots on solid substrates. The levels of 

expression of each gene are then investigated by hybridization with labeled mRNA 

isolated from cell populations of interest. In this way, expression levels of thousands of 

genes can be measured simultaneously (33, 212), generating a global picture of 

transcriptional changes effected by diseases of interest, in our case AIDS. AIDS is a 

complex disease of the host immune system, where almost all components of host 

immune system are affected by HIV-1 replication or free viral proteins secreted by the 

virus. It is curious to note that in this disease the virus can program the host immune 

system to destroy itself such that even the healthy cells can not come to the aid of the 

infected individual (83). As each type of immune cell stimulates or suppresses each other, 

the genes expressed by individual cellular compartments of the immune system may not 

represent the reactions of the host as a whole. Therefore it would be interesting to study 

the whole mononuclear cell population to screen for expected and unexpected genes that 
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may be modulated during infection.  As previous studies implicate the host transcription 

machinery as a possible cause for differential HIV-1 replication and disease progression 

in adult and neonates, this work highlights the roles of host cellular gene expression in 

cord and adult blood mononuclear cells.  

Several viral and host genes play important roles in viral replication and 

selectively drive transcription of viral genes. Following viral integration, HIV-1 LTR 

recruits host cellular factors to mediate the initial transcription of viral genes. The LTR of 

HIV-1 consists several sites for binding host transcription factors. It includes two sites for 

binding NF-κB, two sites for NF-AT, two sites for AP1 and three sites for SP1 (186). It 

also contains binding sites for several transcriptional regulators such as USF, Ets and NF-

IL6 (22, 200). The binding of NF-κB to HIV-1 LTR is critical to the start of early viral 

transcription and deletion or mutation of these binding sites in the HIV-1 LTR can 

severely impair LTR driven transcription (186). A large number of stimuli activate the 

NF-κB pathway. Several signal transducers such as STAT3 mediate gene expression 

through NF-κB. Some studies have shown evidence that the binding of HIV-1 gp120 to 

CD4 mediates STAT activation (111) and may provide an environment conducive for 

efficient HIV-1 transcription and viral replication. Several studies have shown that a 

significant portion of genes upregulated during HIV-1 infection are transcriptional 

regulators (34, 111, 114, 249). After the production of early viral regulatory genes such 

as Tat and Rev, NF-κB acts in concert with Tat and host transcriptional regulators such as 

Cdk9, TFIIH, Cyclin T1, P-TEFb, HAT-1 and p300 and cause a multifold increase in the 

production of viral gene products (39, 64, 268).  The activation domain of Tat can 
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interact with the CDK9/Cyclin T1 complex inducing a conformational change in Tat 

(194). This increases the specificity of Tat-TAR RNA binding allowing efficient 

elongation of viral transcripts.  NF-κB can also recruit histone acetyl transferases and 

other proteins such as p300 allowing for chromatin remodeling and HIV-LTR based 

transcription (64). Histone acetyl transferases such as HAT-1 can acetylate NF-κB and 

allow for nucleosome removal from position 1 at the HIV-1 LTR allowing initiation of 

transcription at the viral LTR (141).  

Some transcriptional regulators act as activators in host transcription and 

repressors of HIV-1 transcription. The cellular transcription factor YY1 has the ability to 

activate or repress gene expression. In context of HIV-1 LTR, YY1 functions as a 

repressor of gene transcription and viral replication. YY1 cooperates with another host 

protein LSF allowing recruitment of  Histone Deactylase 1 (HDAC1) to the nuclesome 1 

at HIV-1 LTR and counteracts the trans-activation of the LTR by Tat (81). 

Nuclear factor of IL-6 (NF-IL6), another transcriptional regulator, can influence 

LTR driven transcription directly and indirectly (239). HIV-1 LTR consists of a 

consensus sequence for the binding of NF-IL6 and this binding can increase LTR driven 

transcription (13, 34, 203, 239). NF-IL6 can also indirectly regulate HIV-1 LTR in a site 

independent pathway by protein-protein interactions with SP1 and NF-κB already bound 

to the viral promoter. However, some studies with monocyte/macrophage cell lines 

showed that the presence of the NF-IL6 site is required for increased HIV-1 transcription.  

NF-IL6 is induced by several pro-inflammatory cytokines such as IL-1 and IL-6 (13). 
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Increases in the levels of IL-1 and/or IL-6 result in increased level of NF-IL6 which can 

upregulate transcription of HIV-1 LTR. 

IL-6 is an important cytokine in the induction and expansion of Th2 cells, which 

are major effectors of adaptive immune responses. Additionally, IL-6 released by 

dendritic cells (DCs) inhibits the suppressive function of CD4+CD25+ T regulatory cells, 

thus inhibiting the peripheral tolerance, possibly leading to increased disease. The signal 

transduction of IL-6 has recently taught us how this cytokine influences different aspects 

of the immune response, especially under pathological conditions. IL-6 signaling 

upregulates the production of STAT3 (87, 231), which can then dimerize and move the 

nucleus and up-regulate transcription. IL-6 can also up-regulate the production of NF-IL6 

which can bind to the HIV-1 LTR can increase transcription of viral gene products.  

IL-1β belongs to the IL-1 family of pro-inflammatory cytokines and acts by 

activating the vascular endothelium and increases access to effector cells. Several studies 

have shown that IL-6 and IL-1 are both up-regulated during infection (107, 108) and can 

act together to increase virus replication (178). However, significant increases in IL-1β 

expression can cause systemic effects and destruction of the immune system. IL-

1β expression was found to higher in the saliva of HIV-1 infected individuals (225). The 

IL-1 family of cytokines can activate MAP kinases (63) and the pathways leading to  

activation of NF-κB (68) which might then increase HIV-1 LTR driven transcription. 

Increased level of both IL-1 and IL-6 were found in patient with adverse outcomes 

associated with HIV-1 associated dementia.  
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IL-10 on the other hand counteracts the effects of pro-inflammatory cytokines 

such as the IL-1 family and IL-6 (254). Human IL-10 is a pleiotropic cytokine capable of 

suppressing cytokine production from macrophages and T-cells.  While very high levels 

of IL-10 suppressed HIV-1 infection (254), moderate levels of IL-10 in combination with 

TNF-α and IL-6 upregulates HIV-1 replication independent of NF-κB and Sp1 (253). 

The enhancing effect of IL-10 on HIV-1 replication correlated with increased 

accumulation of HIV-1 mRNA and phorbol ester induced LTR driven transcription. 

Thus, IL-10 is a cytokine capable of exerting complex regulatory effects on HIV-1 

replication as a function of its own concentration and the presence of other HIV-1 

regulatory cytokines. 

Several other host factors play important roles in the disease pathogenesis of HIV-

1. Genes such as matrix mettaloproteinases (MMP) contribute to significant neural 

degeneration and HIV-1 associated dementia. Although no known roles of MMP on HIV-

1 transcription or gene expression have been suggested, significant repression of MMP1 

was observed in neonates born to HIV-1 infected mothers even with lack of transmission. 

This loss of MMP1 is associated with cardiac dysfunction in these infants (103). Over 

expression of other MMP such as MMP2 can convert neural chemokine SDF-1 into a 

highly neurotoxic protein and cause neural degeneration (267). Infection of monocytes 

with HIV-1 causes decreases in the levels of MMP9 in infected cells.  However, an 

increase in MMP9 expression is seen in bystander cells (46) during infection. Tissue 

inhibitors of MMP (TIMPs) are differentially regulated during HIV-1 infection and is due 

to the secretion of HIV-1 induced IL-1β (67).  Thus this differential profile of MMP and 
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TIMPs may play significant role in disease outcomes of HIV-1 infection especially in 

neonates with HIV-1 associated dementia (HAD). 

    

1.5 Rationale: 

HIV-1 infection is controlled by several viral and host factors that interact 

together in the establishment of infection and disease progression. Although many viral 

determinants have been identified as predictors of adverse disease outcomes, a complete 

picture that explains the dynamic interplay between the virus and the host is lacking.  

Several studies suggest that HIV-1 infected infants progress to AIDS more rapidly than 

infected adults.  However, little progress has been made in understanding the mechanisms 

of HIV-1 infection and disease progression in infants (hosts who have immature immune 

system). Research performed in our and others laboratories suggest that viral 

determinants, including a high degree of HIV-1 heterogeneity and diversity influence 

vertical transmission. Moreover, we found that HIV-1 minor genotypes with 

macrophage-tropic (R5) phenotypes are preferentially transmitted from mothers to infants 

and initially maintained with the same properties in infants.  Furthermore, we have shown 

that transmitting mothers harbor a more heterogeneous HIV-1 population than non-

transmitting mothers, suggesting that viral heterogeneity may influence HIV-1 

transmission. This raises a critical question about the diversity of the reverse transcriptase 

gene, which is predominantly responsible for generating mutations in the HIV-1 genome, 

in transmitting mothers and their vertically infected infants.  Analysis of the reverse 

transcriptase gene during vertical transmission may provide information about the viral 
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diversity, functional domains and epidemiological phylogenetic relationship associated 

with vertical transmission. 

In contrast to X4 HIV-1 associated with symptomatic AIDS in adults (180, 236), 

infants rapidly progress to AIDS and predominantly harbor R5 HIV-1 (36, 37, 266).  

However, HIV-1 infected adults with subtype C virus (more than 50% of infected people 

worldwide) progress to AIDS more rapidly than other subtypes (151, 223) and still harbor 

predominantly R5 HIV-1 (177). It is likely that the difference in HIV-1 envelope, which 

determines cell tropism, virus entry and replication efficiency, among various subtypes 

may influence virus entry, replication, pathogenesis and disease progression.   

HIV disease in infants and adults is a multifactorial process involving both viral 

and host factors. Moreover, HIV-1 infected infants develop AIDS faster than infected 

adults.  In this context, previous work has shown that HIV-1 replicates more efficiently in 

neonatal (cord) blood mononuclear cells compared with adult cells, and this differential 

replication is not influenced at the level of entry, post-entry or cell proliferation (187). 

This work examines the role of HIV-1 LTR driven gene expression in the differential 

replication seen in cord vs. adult cells. Expression of HIV-1 genes during infection is 

controlled by both cellular and viral factors. However, early viral gene expression is 

regulated predominantly by host transcription factors.  Host transcription factors are 

responsible for binding to the HIV-1 LTR and regulating the synthesis of early viral 

regulatory gene products, which then increase HIV-1 gene expression significantly. It is 

likely that differential levels of host factors may upregulate HIV-1 gene expression and 

replication resulting in a higher viral load and faster disease progression in infants 
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compared with adults. The high level of viremia in infants may be due to the immature 

immune system that is unable to contain the rapidly replicating HIV-1. Some of factors 

that may contribute to a high level of HIV-1 gene express include transcriptional 

activators and repressors, immune regulators such as interleukins, and signal transducers 

as well as matrix mettaloproteinases that are predictive markers for adverse HIV disease 

outcomes in infected infants. 

1.6 Hypothesis and objectives: 

Molecular and biological properties of HIV-1 and differential profile of cellular 

gene expression influence differential HIV-1 replication and pathogenesis in neonates vs. 

adults. 

The objectives for this dissertation are: 

1. To determine the molecular properties of HIV-1 reverse transcriptase gene 

in mothers and infants following vertical transmission: The molecular 

properties of HIV-1 reverse transcriptase gene, including phylogenetic analysis, 

genetic variability, estimates of genetic diversity, selection pressure, functional 

domains, drug resistance motifs and immunological epitopes will be determined 

from 5 mother-infant pairs following vertical transmission.   

2. To determine the biological properties of HIV-1 subtype C envelope gp120:  

Subtype C envelope gp120 that was previously characterized from infected 

patients in India will be reciprocally inserted into subtype B molecular clone 

(pNL 4-3) and chimeric viruses will be generated.  These chimeric viruses will be 

used to infected T-cell lines, primary lymphocytes and macrophages to determine 
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cellular tropism, coreceptor utilization, virus entry, replication efficiency and 

cytopathic effects  

3. To determine the cellular gene expression profiles in neonatal and adults 

mononuclear cells. To elucidate the role of cellular factors that may influence 

differential HIV-1 replication and gene expression, Microarray analysis will be 

performed on RNA isolated from unstimulated, stimulated and HIV-1 infected 

CBMC and PMBC.  The Microarray data will be confirmed by real-time PCR.  

Some of the cellular factors that are known to influence HIV-1 infection, 

including transcription factors, signal transducers, and cytokines will be 

evaluated.  In addition, novel and new factors may also be identified.   

These results may provide a better understanding of the molecular mechasnims of HIV-1 

vertical transmission and pathogenesis as well as identify viral determinants that are 

involved in vertical transmission and host factors that influence differential HIV-1 

infectio seen in neonates/infants and adults. 
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2. MATERIALS AND METHODS 
 

2.1 Characterization of HIV-1 reverse transcriptase gene involved in 

vertical transmission: 

2.1.1 Patient population: 

This study included five transmitting mothers and their infected infants. The 

demographic, clinical and laboratory findings on these mother-infant pairs are summarized 

in Table 1.  The Human Subjects Committee of the University of Arizona, and the 

Institutional Review Board of the Children's Hospital Medical Centre, Cincinnati Ohio, 

approved this work.  Written informed consent was obtained for participation in the study 

from mothers of infected mother-infant pairs. 

 One of the mothers transmitted this virus to both her twins. It is interesting to 

note that all the mothers in this study were drug-naïve, however, most infants were on 

monotherapy except for Infant B. The mothers and infants were given alphabetical 

identification B, C, D, F and H. The twin infected children from mother H were identified 

as Infant H1 (IH1) and Infant H2 (IH2). Patients enrolled in this study had varying 

disease status ranging from asymptomatic to symptomatic AIDS. Most infants were 

symptomatic with the exception of Infant B whereas Infant D had failed ZDV therapy 

and had progressed to AIDS. These patients will provide interesting information on 

evolutions and selection of HIV-1 reverse transcriptase (RT) in the presence and absence 

of anti-retroviral therapy. 
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Table 1: Patient demographics of five mother infant pairs involved in vertical 

transmission.  

 

Patient 

 

Age 

 

Sex 

 

CD4+ 

cells/mm3 

 

Length of 

infection 
a
 

 

Antiviral drug

 

Clinical Evaluation 
b
 

MB 28yr   509 11mo None Asymptomatic 

IB 4.75mo M 1942 4.75mo None Asymptomatic, P1A 

MC 23yr   818 1yr6mo None Asymptomatic 

IC 14mo F 772 14mo ZDV Symptomatic 

AIDS;P2A,D1,3,F 

MD 31yr   480 2yr6mo None Asymptomatic 

 

ID 

 

28mo 

 

M 

46  

28mo 

 

ddC
c
 

Symptomatic AIDS, 

P2AB,F; failed ZDV 

therapy 

MF 23yr  692 2yr10mo None Asymptomatic 

IF 1wk M 2953 1wk ZDV Asymptomatic,P1A 

MH 33yr   538 5mo None Asymptomatic 

IH1 7mo F 3157 7mo ACTG152 Hepatosplenomegaly 

lymphadenopathy 

IH2 7mo F 2176 7mo ACTG152 Hepatosplenomegaly 

lymphadenopathy 

 

M-mother and I-infant.  
a
Length of infection: The closest time of infection that we could 

document was the first positive HIV-1 serology date or the first visit of the patient to the 

AIDS treatment Center, where all the HIV-1 positive patients were referred to as soon as an 

HIV-1 test was positive. Therefore, these dates may not reflect the exact dates of infection. 
b
 

Evaluation for infants is based on CDC criteria (1),  
c
 ddC, Zalcitibine. 

 

2.1.2 PCR amplification of HIV-1 RT:  

The HIV-1 RT gene was amplified by a two-step PCR method, first using outer 

primers RT1 (5’GTACAGTATTAGTAGGACCTACACCTGTC3’, 2470-2498, sense) and 

RT2 (5’AAAATCACTAGCCATTGCTCTCCAATTAC3’, 4307-4279, antisense) and then 

with nested primers RT3 (5’TGGAAGAAATCTGTTGACTCAGATTGG3’, 2507-2533, 

sense) and RT4, (5’ TTCTCATGTTCTTGGGCCTTATCT3’, 4270-4244, antisense).   

Equal amounts of PBMC DNA (approximately 25 to 50 copies from each patient) as 
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determined by end-point dilution was subjected to multiple (5 to 8) independent PCRs to 

obtain clones that were sequenced and analyzed.  PCRs were performed according the 

modified procedure of Ahmad et al. (11), in a 25µl reaction mixture containing 2.5µl of 10X 

PCR buffer (100 mM Tris-HCL, pH 8.3, 100 mM KCl, 0.02% Tween 20), 2.5mM MgCl2, 

400µM each of dATP, dCTP, dGTP and dTTP, 0.2 to 1.0µM of each of outer primers, and 

2.5U of TaKaRa LA Taq polymerase (TaKaRa Biomedicals, Shiga, Japan).  The reactions 

were carried out at 94
o
C for 30s, 45

o
C for 45s and 72

o
C for 3min for 35 cycles, with the last 

cycle allowing for seven minutes of additional polymerization.  After the first round of PCR, 

4µl of the first-PCR product was used for nested PCR, using inner primers and same 

reagents at 94
o
C for 30s, 52

o
C for 45s and 72

o
C for 3 min for 35 cycles. We used a negative 

control with each PCR amplification and a known HIV-1 DNA, pNL4-3, to assess errors 

generated by the LA Taq polymerase. To avoid contamination, all samples, reagents and 

PCR products were stored separately and dispensed in a separate room free of all DNA used 

in the lab.  

2.1.3 Cloning of HIV-1 RT:  

The PCR products were then visualized on a 1% agarose gel, excised and extracted 

by using a QIAquick Gel Extraction kit (Qiagen Inc.).  These DNAs were cloned into the 

TA cloning system (pCR 2.1-TOPO vector, Invitrogen Inc.) and transformed into 

chemically competent TOP10 cells (Invitrogen Inc.).  The white colonies were screened for 

correct size inserts by EcoRI digestion and 10 to 14 clones from each patient were obtained 

from multiple independent PCRs. These clones were then subjected to further analysis. 
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2.1.4 DNA Isolation:  

DNA was isolated in both small scale and large scale preparations.  

Small scale DNA preparation: Small scale preps were done according to the 

miniprep alkaline lysis protocol (208). Bacterial clones containing the desired plamids were 

grown in 3ml of LB medium containing 100g/ml of ampicillin (Sigma) overnight and 

pelleted. The pellet was re-suspended in 100µl of Solution I (25mM Tris-HCl pH 8.0, 

10mM EDTA and 50mM glucose) and 200µl of Solution II (1%SDS, 0.2M NaOH) was 

added and mixed by inversion. After 5 min. incubation 150µl of 3M sodium acetate (pH 4.6) 

was added and mixed by inversion. This was followed by the addition of 500µl of 

phenol:chloroform and vortexed thoroughly. The layers were separated by a 5 min spin at 

14,000 rpm and the upper aqueous layer was removed and transferred in a fresh microfuge 

tube. DNA was then precipitated by addition of 2 volumes of ice cold absolute ethanol and 

incubated at -20
o
C for 1 hr.  The DNA was pelleted at 14,000 rpm for 20min., washed in 

70% ethanol, dried and resuspended in 50µl of RNase water. Small scale preparation was  

also done using the QIAprep Miniprep (Qiagen Inc.) method to obtaining clean DNA for 

sequencing using the automated sequencer. Similar bacterial cultures were grown and DNA 

prepared by the protocol from the user manual with one modification. DNA was finally 

eluted in water (pH 7.6) instead of TE to avoid EDTA chelation of divalent ions during the 

automated sequencing process. DNA was digested by EcoRI to ensure the correct sized 

inserts (~ 1.7 kb) in the clones. 

Large scale DNA preparation: Large scale preparation was done by the alkaline 

lysis method. Large scale cultures (75ml) of the bacterial clones were grown overnight from 
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fresh a 3ml inoculum. The bacteria were pelleted and resuspended in 5ml Solution I and 

incubated on ice for 5 min. Cells were lysed by addition of 10 ml of Solution II and mixing 

by inversion and incubating on ice for 10 min. After lysis, 5ml of 3M sodium acetate was 

added and mixed by inversion. The mixture was centrifuged at 15,000 rpm for 10 min. The 

supernatant was collected; RNase was added and incubated at 37
o
C for 20 min. Following 

incubation, equal volume of phenol:chloroform was added, vortexed thoroughly and 

centrifuged at 9000 rpm for 10 min. The aqueous supernatant was aspirated and 6ml of 

isopropyl alcohol was added and incubated on ice for 30 min. DNA was pelleted by 

centrifugation at 15,000 rpm for 20 min. The supernatant was discarded and the pellet 

resuspended in 2 ml of water and then 1.6 ml of 13% PEG and 0.4 ml of 4M NaCl were 

added and mixed thoroughly. This was incubated on ice for 1 hr. DNA was pelleted at 

18,000 rpm for 20 min. The supernatant was discarded and the pellet resuspended in 600µl 

of water and transferred to eppendorf tubes. DNA was cleaned by extraction with equal 

volume of chloroform followed by three extractions of equal volumes of phenol:chloroform 

with vigorous vortexing followed by centrifugation and collection of aqueous phase. 

Residual phenol was removed by extraction with equal volume of chloroform followed by 

centrifugation. The aqueous phase was then transferred to a fresh tube and 1/10
th

 volume of 

3M sodium acetate and 2 volumes of chilled absolute ethanol was added. DNA was allowed 

to precipitate for 1 hr at -20
o
C and then pelleted, washed with 70% ethanol and resuspended 

in 200µl of water. This method of preparation was used for manual sequencing to identify 

HIV-1 RT clones. 
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2.1.5 DNA sequencing of HIV-1 RT clones:  

DNA was sequenced with the Sequenase sequencing kit version 2.0 (US 

Biochemicals, Cleveland, OH) according to the Sanger method of di-deoxy termination 

descried in the Sequenase user manual. Briefly, DNA templates were denatured in a volume 

of 200µl conatining denaturing solution (2M NaOH, 2mM EDTA) for 45 min. at 37
o
C. The 

denaturant was then neutralized with 1/10
th

 volume of 3M sodium acetate and extracted with 

equal volume of chloroform. The DNA was then precipitated with 2 volumes of ice-cold 

ethanol and incubated at -20
o
C for 1 hr. The DNA was pelleted, washed with 70% ethanol, 

dried and resuspended in 15-20µl of water. 3.5µl of the denatured DNA was then used for 

sequencing using the Sequenase protocol outlined in the user manual. After stopping the 

sequencing reaction, half the reaction mixture was run in 6% denaturing polyacrylamide gel 

using a BioRad Gel Running apparatus at 80W.  The gel was then transferred to appropriate 

blotting paper, dried and exposed to X-Ray film. To ensure that the sequences were HIV-

RT, the sequences were read from the film and compared to known HIV-1 DNA pNL4-3, 

The original DNA samples were then completely sequenced by primer walking using 3 

primers 

RT3 (5’TGGAAGAAATCTGTTGACTCAGATTGG3’), 

 RT5 (5’GCTGGACTGTCAATGACATACA3’) 

 RT7 (5’ATGTAGATGGGGCAGCCAATAGGGA3’) in a ABI PRISM 3700 (Applied 

Biosystems, Foster City, CA) automated sequencing system. The sequences were submitted 

to GenBank with accession numbers AY560388 to AY560528. 
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2.1.6 Phylogenetic analysis of HIV-1 RT quasispecies: 

2.1.6.1 Modeling of HIV-1 RT gene evolution:   

The nucleotide sequences of HIV-1 RT gene (approximately 1680 bp) from five 

mother-infant pairs were analyzed with the Wisconsin package 10.1 version of the Genetics 

Computer group (GCG) and were translated to corresponding deduced amino acid sequences 

(560 amino acids). A multiple sequence alignment was performed for the nucleotide and 

amino acid sequences with a reference HIV-1 consensus subtype B RT sequences with a 

gap-opening penalty of 10 and a gap extension penalty of 5 using Clustal X (42).  The 

transitions were not weighted and the amino acids were scored using a BLOSUM matrix. A 

model of evolution was optimized for the entire nucleotide sequence data set using the 

approach outlined by Huelsenbeck and Crandall (92). Likelihood scores for different models 

of evolution were calculated using PAUP (230) and a chi square test was performed by 

Modeltest 3.06 (12, 75, 181, 230). Using the Model test and Akaike Information Criterion 

(12), all the null hypotheses were rejected except a GTR+G model. The five rate categories 

were as follows: R (A-C) = 2.962, R (A-G) = 10.5176, R (A-T) 1.3663, R (C-G) = 0.6563, R 

(C-T) 12.5484, R (G-T) = 1. A gamma distribution with the shape parameter (α) of the 

distribution estimated from the data matrix via maximum likelihood was used to account for 

the rate of heterogeneity. This shape parameter α was = 0.7775. The model of choice was 

incorporated into PAUP (230) to estimate a neighbor-joining tree and the tree was 

bootstrapped 1000 times to ensure fidelity.  
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2.1.6.2 Distance calculation of HIV-1 RT sequences:  

Models to represent patterns of evolution of variants of each patient population 

were identified as described above using PAUP (230). These models of evolutions were 

incorporated with each patient/pair and were used to estimate corrected pairwise nucleotide 

distances for data sets from each pair using PAUP (230). Amino acid distances were also 

estimated using the Jukes-Cantor model with the Wisconsin package 10.1 of GCG. The 

minimum, median and maximum nucleotide and amino acid distances for each patient and 

linked patient pairs were calculated from these data in excel. Totals (nucleotide and amino 

acid) for between mothers, between infants and between mother infant pairs were done in 

excel by including linked distances between mother/infants/mother-infant pairs and 

calculating minimum, median and maximum values. Unlinked nucleotide distances were 

also calculated by performing modeling analysis for all the sequences from all pairs taken 

together and estimating corrected pairwise nucleotide distance. Unlinked amino acid 

distances were calculated using a Jukes-Cantor model of evolution in the GCG suite of 

programs for all sequences taken together. 

2.1.6.3 Estimation of selection pressure acting on HIV-1 RT sequences:  

To analyze the evolutionary processes acting on the RT gene, we estimated the 

ratio of non-synonymous (dN) to synonymous (dS) substitutions by a maximum likelihood 

model using codeML, a part of the PAML  package (260). The Nielsen and Yang (168) 

model considers the codon instead of the nucleotide as the unit of evolution and incorporates 

three distinct categories of sites. Every mutation is three times more likely to cause a 

nonsynonymous than a synonymous substitution and codeML accounts for this bias.  The 



 69 

first category p1 represents sites were the mutations are conserved and invariable where 

dN/dS = 0. The second category p2 represents neutral sites where dN/dS = 1 and represents 

sites at which the dN and the dS are fixed at the same rate. The third category p3 represents 

sites that are under positive selection where dN has a higher rate of fixation than dS 

proportionally and dN/dS >1.  The dynamics of HIV-1 evolution were assessed using 

techniques of population genetics.   

2.1.6.4 Population genetics of HIV-1 RT sequences:  

In population genetics, genetic diversity is defined as θ = 2Neiµ, where Nei is the 

inbreeding effective population size and µ is the per nucleotide mutation rate per generation. 

The Watterson model based on segregating sites and the Kuhner model (120, 121) assuming 

constant population size were used to estimate differences in genetic diversity, using the 

program Coalesce (50), which is part of the Lamarc software package. The tree files and the 

data matrixes from PAUP were used to estimate θ values as a measure of genetic diversity. 

2.2 Role of envelope gp120 in HIV-1 subtype C pathogenesis 

2.2.1 Patient demographics:  

Patients from India infected with HIV-1 due to various risk factors were enrolled 

for this study with appropriate consent. Blood samples were collected and PBMC DNA 

was extracted and subtyping was done to identify the subtype of HIV-1 infection. Nine 

patients with HIV-1 subtype C infections were chosen for further analysis. Phylogenetic 

analysis of these sequences were done and published elsewhere (99). 
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Table 2: Patient demographics of HIV-1 subtype C infected individuals. 

 
Patient Age/Sex Possible source Risk factor CDC 

classification 

Code 

Ind P1744 20/M Dubai/Punjab Promiscuous heterosexual II AP.2 

Ind P1973 25/M Bombay Promiscuous heterosexual IV-C AP.4 

Ind P1923 23/F Africa/Germany Spouse with AIDS II AP.5 

Ind P1913 27/M Punjab Promiscuous heterosexual II AP.6 

Ind P10 25/M Bombay Blood transfusion IV-C AP.10 

Ind P2348 27/M Africa/Germany Promiscuous heterosexual IV-C,D AP.17 

Ind 2442 14/M Punjab Blood transfusion IV-E AP.18 

Ind P3067 28/M Kolkatta Truck driver IV AP.28 

Ind P2648 26/M Punjab Hemophiliac I AP.33 

 

Note: Each patient’s age, sex, risk factor and possible source of infection was identified. 

Every patient was assigned a code as indicated to preserve the privacy of these 

individuals. 

 

2.2.2 Construction of HIV-1 subtype C/B Chimeras.   

Sixteen envelope V3-V5 region sequences from nine subtype C Indian isolates, 

which were characterized before (99), were reciprocally inserted into pNL4-3 in BglII – 

BglII sites flanking the region.  
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Flow chart 1: Design for construction of subtype C V3-V5 region chimera. 

The 650 bp fragment encompassing the V3 to V5 region corresponds to amino 

acids 268-486 of gp120 of the HIV-I LAI sequence with the V3-loop positioned between 

amino acids 301 and 336. PCR primers were designed to amplify the V3-V5 region and 

to replace a similar region in pNL4-3 by engineering a BglII site at the 3’ end at position 

7611 corresponding to all isolates. PCR amplification was carried out using Pfu 

polymerase. The ~600bp PCR product was digested with BglII and cloned into pGEM 

(NL4-3) using the BglII sites. The BglII-BglII fragment was reciprocally exchanged into 

the pGEM plasmid containing the EcoRI-BamHI fragment as there were no EcoRI or 

BamHI sites in this a region in any Indian isolate except AP.5 which contained an EcoRI 

site in the sequence. The recombinant clones were checked by digestion with BglII and 
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the orientation was confirmed by sequencing using the APSEQ primer 

(5’TCAACTGCTGTTAAATGGC3’). Finally, the modified EcoRI-BamHI fragment 

containing the sporadic subtype C Indian isolate C2 to V5 region was reciprocally 

substituted into pNL4-3. Two clones were obtained from each patient samples are 

numbered with numerals of patient identification number followed by clone number.  

Clone number and designation are indicated in Table 3.  

 

Table 3: Clone designation of subtype C env clones obtained from nine patient 

samples 

Patient Clones Clone designation 

AP.17 AP.17.1,   AP.17.3 171 and 173 

AP.18 AP.18.2,   AP.18.3 182 and 183 

AP.2 AP.2.2.1A 221A 

AP.28 AP.28.2,   AP.28.4 282 and 284 

AP.33 AP.33.1,   AP.33.4 331 and 334 

AP.4 AP.4.5.2,   AP.4.5.4 452 and 454 

AP.5 AP.5.1.2,   AP.5.1.4 512 and 514 

AP.6 AP.6.3.9 639 

AP.10 AP.10.1.1,   AP.10.1.4 1011 and 1014 

 

All the clones were again checked by digestion with EcoRI/SalI and BamHI and 

confirmed by sequencing with the APSEQ primer. Chimeras were constructed and 

characterized by Dr. S.R. Das and collaborators at the International Center for Genetic 

Engineering and Biotechnology, New Delhi, India.  
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2.2.3 Cell lines: 

HeLa cells, U373-MAGI-CXCR4 and U373-MAGI-CCR5 cell lines were 

cultured in DMEM with 10% fetal bovine serum (FBS) and penicillin-streptomycin 

(Invitrogen).  The MAGI cell media was also supplemented with 0.2mg/ml of G418, 

0.1mg/ml of hygromycin B and 1µg/ml of puromycin. T-lymphocyte cell lines, A3.01 

and MT-2 were cultured in RPMI 1640 supplemented with 10% FBS and penicillin-

streptomycin. Adherant cells were split at 90% confluency with 0.25% Trypsin-EDTA 

(Invitrogen) and used for experiments or further propogation. 

2.2.4 Primary cell culture: 

2.2.4.1 Isolation of primary cells: 

Peripheral blood mononuclear cells (PBMC) were obtained by single step density 

gradient centrifugation with Ficoll-Hypaque (Amersham) from whole blood of normal 

donors. Whole blood was collected with consent and approval from the Human Subjects 

Committee. Mononuclear cells in the “buffy coat” were carefully aspirated. PBMC were 

collected by centrifugation at 1500 rpm for 10 min. and washed twice with cold PBS and 

centrifuged at 1000rpm for 10 min to avoid collecting platelets. Primary monocyte-

derived macrophages (MDM) and peripheral blood lymphocytes (PBL) were separated 

from PBMC using magnetic bead isolation protocols. Monocytes were isolated by CD14 

magentic bead isolation (Miltenyi biotech) according to manufacturer’s protocols. The 

cells bound to the CD14 bead were used as primary monocytes. The cells collected as 

unbound flowthrough from the CD14 bead isolation protocol were used as PBL used in 

lymphocyte infection.  
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2.2.4.2 Culture of primary cells: 

PBL were cultured in RPMI 1640 with 10% FBS and pencillin-streptomycin. PBL 

were activated with 5µg/ml of PHA for 24-48h. Activated cells were washed and re-

suspended in RPMI 1640 with 10% FBS and 20U/ml of recombinant human IL-2 

(Invitrogen). The primary monocytes eluted from the CD14 isolation were counted and 

plated in 48 well plates at 1million cells/well in RPMI 1640 with 15% human AB serum 

(Gemini biotech) and MCSF for 7 days. The primary monocytes were allowed to 

differentiate into macrophages in this media. The cells were fed every two days during 

differentiation. 

2.2.5 Subtype C env region chimera transfections: 

Subtype C chimeric DNA obtained from clean large scale DNA preparations 

(section 2.1.4) were transfected in HeLa cells by Lipofectamine 2000 (Invitrogen). HeLa 

cells were grown in DMEM with 10%FBS and penicillin-streptomycin to about 80% 

confluency. The cells were split and counted and plated in six-well plated at 5x10
5
 

cells/well in DMEM with 10% FBS without antibiotics. The cells were transfected next 

day with 3µg of DNA in DNA-lipofectamine complexes as per manufacturer’s 

procedure.  Chimeric virus was harvested as supernatant from the wells 72h post-

transfection. Virus levels were estimated by a reverse transcriptase assay (143).  

2.2.6 Infections: 

A3.01 cells (2x10
6
), MT-2 (2x10

6
), PBL (1x10

6
) and MDMs (0.5x10

6
) per well 

were cultured and infected with equal amounts of subtype C V3 region chimeras, subtype 

B V3 region chimeras (M5g, M7f, M1c (143)), subtype B and C primary isolates; and 
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virus production was measured every 3 days.  Two subtype C (3041- R5 and 5441 – X4) 

and two subtype B (2099 – R5 and 2101 – X4/R5) primary isolates that were obtained 

from AIDS Research and Reference Reagent Program were used as controls. Briefly, 

viruses were adsorbed in A3.01 cells, MT-2 and PBL for 90 min in serum free media at 

37
o
C and 5% CO2 and after incubation, 500µl of appropriate media containing serum and 

antibiotics were added. MDM were infected in media containing serum and polybrene 

(8µg/ml) incubated at 37
o
C and 5% CO2 for 16 hrs. After incubation, the macrophages 

were washed in PBS to remove polybrene and resuspended in macrophage culture media. 

2.2.7 Co-receptor utilization:  

U373-MAGI-CXCR4 and U373-MAGI-CCR5 cell lines were plated at ~6x10
4
 

cells/well in 24 well plate in MAGI media (complete DMEM with G418-hygromycin-

puromycin). Both cells lines were infected with 5,000 and 10,000 cpm (RT assay counts) 

of chimeric subtype C virus and primary isolate controls diluted in a total volume of 300 

µl of complete DMEM (without antibiotics) with DEAE-dextran (final concentration 

20µg/ml). Two hours post-adsorbtion, 1.5 ml of fresh MAGI media was added. To assess 

the rate of entry, 40h post-infection, the medium was removed and cells were fixed in 1% 

formaldehyde and 0.2% glutaraldehyde for 5min. Then, the cells were washed with PBS 

and stained for 2 hrs in staining solution containing 0.2M potassium ferricyanide, 0.2M 

potassium ferrocyanide, 2M MgCl2 and 40µg/ml X-Gal. After staining, the cells were 

washed in PBS and resuspended in PBS with Sodium Azide. Cells stained blue were 

counted immediately and counts were estimated as number of blue cells per well of 

infected cells. 
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2.2.8 Determination of cytopathic effects: 

The syncytium-inducing ability of the subtype C envelope  chimeras was 

determined and compared to a known syncytium-inducing (SI) virus (HIV-1NL4-3) and a 

non-syncytium-inducing (NSI) viruses (HIV-1BaL and HIV-1Ada-M) by infecting the MT-2 

cell line with equal amounts of these viruses.  Syncytium formation was monitored every 

day in the cultures upto 30 days post-infection. The viruses that formed more than four 

syncytia per field of view in the culture were designated as SI viruses (ACTG protocol), 

whereas viruses that failed to induce this number of syncytia in the culture were termed 

NSI viruses.  Cytopathic effects of these chimeras were established by Dr. S.R. Das from 

the International Center for Genetic Engineering and Biotechnology, New Delhi, India. 

2.3. Role of host factors in differential HIV-1 replication in neonatal and 

adult mononuclear cells: 

2.3.1. Differential HIV-1 gene expression in neonatal (cord) and adult mononuclear 

cells:  

 Differential gene expression in cord and adult blood mononuclear cells was 

estimated by infecting lymphocytes and monocyte-derived macrophages (MDM) from 

cord and adult cells by a single cycle replication competent amphotropic pseudo-virus. 

The genome of this virus contains an envelope deletion such that only one round of virus 

replication occurs for every infection experiment. The virus consists of an amphotropic 

MuLV envelope that allows for a receptor/co-receptor independent entry and a luciferase 
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gene in place of nef allowing for estimation of LTR driven transcription as a measure of 

luciferase activity (48). 

2.3.1.1 Isolation and culture of cord and adult blood lymphocytes and MDM: 

PBMC were obtained by single step density gradient centrifugation with Ficoll-

Hypaque (Amersham) from whole blood of normal donors. Cord blood was obtained 

from the Cord blood registry. Whole blood was collected with consent and approval from 

the Human subjects committee. Mononuclear cells in the “buffy coat” were carefully 

aspirated. Mononuclear cells from cord blood are referred to henceforth as CBMC and 

mononuclear cells from adult blood are referred to as PBMC. PBMC and CBMC were 

collected by centrifugation at 1500 rpm for 10 min. and washed twice with cold PBS and 

centrifuged at 1000rpm for 10 min to avoid collecting platelets. MDM and peripheral 

blood lymphocytes (PBL) were separated from PBMC and CBMC using magnetic bead 

isolation protocols. Monocytes were isolated by CD14 magentic bead isolation (Miltenyi 

biotech) according to manufacturer’s protocols. The cells bound to the CD14 bead were 

used as primary monocytes. The cells collected as unbound flowthrough from the CD14 

bead isolation protocol were either used directly as lymphocytes or labeled with CD3 and 

CD3+ T-lymphocytes were isolated by the magnetic bead isolation protocol. The primary 

monocytes eluted from the CD14 isolation were counted and plated in 48 well plates at 

1x10
6
 cells/well in RPMI 1640 with 15% human AB serum (Gemini biotech) and MCSF 

for 7 days. The primary monocytes were allowed to differentiate into macrophages in this 

media. The cells were fed every two days during differentiation. 
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2.3.1.2 Generation of single cycle replication competent R
+
 virus: 

COS cells were cultured as mentioned above (section 2.2.3) and were split with Trypsin-

EDTA and plated in 6 well plates at 5x10
5
 cells/well in DMEM with 10% FBS without 

antibiotics. The cells were then transfected with 1µg of HIV NL-Luc-E
-
R

+
/R

− 
DNA and 

MuLV-Ampho Env DNA using FUGENE (Promega Inc.) as per manufacturer’s 

protocols. Supernatant was harvested from the wells 72hr post transfection and virus 

levels were estimated by a reverse transcriptase assay.  

2.3.1.3 HIV-1 gene expression: 

HIV-1 gene expression was determined in cord and adult blood T-lymphocytes 

and MDM by infecting these cells with the HIV NL-Luc-E
-
R

+
/R

− 
virus. Luciferase 

activity was determined in these cells. Briefly, the cultures were harvested 72 h post-

infection by lysing the cells in 200µl lysis buffer (Promega Inc.). The luciferase activity 

was determined in 50µl of the lysate using luciferase assay kit (Promega Inc.) and 

measuring the amount of light generated in a luminometer. The amount of luciferase 

activity in cells infected with this recombinant virus reflects the number of copies of 

integrated proviruses and their transcriptional activity. 

2.3.1.4 Ribonuclease protection assay: 

The ribonuclease protection assay (RPA) was performed using the Direct Protect 

lysate RPA kit (Ambion, Austin, TX, U.S.A.) as per manufacturer's instructions.  A 

~305-nucleotide riboprobe was generated by transcription of ClaI-linearized pGEM-Luc 

plasmid using SP6 polymerase in the presence of [
32

P]UTP as per Riboprobe™ in vitro 

Transcription Systems (Promega, Corp., USA) kit. Briefly amphotropic HIV NL-Luc-E
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virus infected and control cells were pelleted by centrifugation and lysed in 1 mL 

Lysis/Denaturation solution per 10x10
6
 cells. This lysate was directly used for 

ribonuclease protection assay. The probe was hybridized with the lysate containing target 

RNA for 15 hrs at 37°C. Unhybridized probe was removed by RNase cocktail (RNase 

A/RNase T1) treatment for 30min at 37°C. Following RNase inactivation and 

precipitation of the protected species, the pellets were dissolved in gel loading buffer, 

heated for 3 min at 95°C and electrophoresed on a 7% polyacrylamide 7M urea gel in 

Tris/borate/EDTA buffer. The bands were visualized by autoradiography of the dried gel 

and quantified by densitometric analysis of autoradiographs.  

2.3.2. Cellular gene expression profile in cord and adult mononuclear cells: 

Microarray experiments were done to analyze the differential expression of 

cellular genes in cord and adult cells and to study their role in HIV-1 replication and viral 

gene expression. Cellular gene expression profiles were compared between CBMCs and 

PBMCs for un-stimulated cells, stimulated cells and HIV-1 infected (BaL and R+) cells. 

RNA was isolated from these cell types at different points during culture as illustrated in 

Flow chart 2. 
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Flow chart 2: Design of the microarray experiment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.2.1 Infection of mononuclear cells for microarray:  

PBMC and CBMC were cultured in RPMI 1640 with 10% FBS and 

penicillin/streptomycin. The cells were stimulated with 2µg of PHA for CBMC and 5µg 

PHA for PBMC. Approximately 60x10
6
 cells were plated at 10x10

6
 cells/well in a 6-well 

plate for each test (stimulated and infected). Post-stimulation, the suspension cells are 

collected and wells washed with PBS to remove PHA.  The suspension cells were washed 

with PBS and cells were re-suspended in RPMI alone and added back to the wells. The 

cells to be infected were then incubated with HIV-1BaL (30,000 cpm/million cells) and 

HIV-NL-Luc-R
+
 virus (25,000 cpm/million cells). Two hours post-infection, the wells 

are washed with PBS to remove un-adsorbed virus and fed with RPMI 1640 with 10% 

FBS supplemented with IL2 and MCSF. 
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2.3.3.2 RNA isolation:  

 RNA from un-stimulated cells: To obtain sufficient RNA, 60x10
6
 cells are 

required for each RNA sample. Immediately after isolation, 60 million PBMC and 

CBMC are collected, washed with PBS lysed with 600µl of RLT buffer (QIAgen Inc). 

DNA is shredded using QIAshredder columns (Qiagen Inc.) RNA is extracted from this 

shredded lysate using the RNeasy Mini kit (Qiagen Inc.) according to manufacturer’s 

protocols. RNA for each sample is eluted in 50µl. To avoid RNA degradation, 1-2µl of 

RNAseOUT recombinant RNA inhibitor is also added to each sample. This sample is 

termed as unstimulated (US) RNA.  

 RNA from stimulated and infected cells: For plated cells (stimulated and 

infected cells), the suspension cells are collected together for all the wells for each 

experiment and washed with PBS. The adherent cells remaining in the wells are also 

washed with PBS. The pooled suspension cells are lysed in 600µl of RLT buffer and 

DNA shredded using QIAshredder columns. The adherent cells in the wells are also lysed 

in 600µl of RLT buffer by transferring lysate from one well to the next. Genomic DNA 

present in this lysate is also shredded. The shredded lysate from suspension cells and 

adherent cells are mixed and RNA extracted using the RNeasy Mini kit according to 

manufacturer’s protocols. RNA for each sample is eluted in 50µl. To avoid RNA 

degradation, 1-2µl of RNAseOUT recombinant RNA inhibitor (Invitrogen) was added to 

each sample. RNA from un-infected cells were termed as stimulated mock RNA (SM) 

and infected samples were labeled according to type of virus used. 
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2.3.3 RNA quantitation, precipitation and quality estimation:   

The amount of RNA was quantified using a UV spectrophotometer. RNA was 

then concentrated by precipitation using 1/10
th

 volume of 3M sodium acetate (made in 

DEPC water) and 2 volumes of chilled absolute ethanol. RNA was allowed to precipitate 

overnight and then centrifuged, washed with 70% ethanol (made in DEPC water), quickly 

air dried and re-suspended to a concentration of 20µg or RNA in 16.5µl. The RNA 

samples from US, SM and infected samples of PBMC and CBMC were tested with the 

BioAnalyzer at the Microarray Core Facility to ensure RNA stability using 18S and 28S 

RNA peaks as indicators. 

2.3.4 Microarray hybridization:  

Differential gene expression of PBMC and CBMC was carried out by the two-

color fluorescence hybridization scheme (33, 197). The CUS/AUS samples of CBMC 

and PBMC were hybridized on one chip, the AM/CM samples on one chip and the 

infected samples each on one chip. The labeling, hybridization and acquiring of images 

was done at the core facility of the Arizona Research laboratories (Univ. of Arizona). The 

RNA samples were labeled with Aminoallyl dNTPs and then conjugated with Cy3 and 

Cy5 fluorochromes. CBMC RNA was labeled with Cy5 and PBMC RNA was labeled 

with Cy3. A pre-printed in-house 22K human genome chip was used to perform the 

microarray.  The chip also consists of appropriate housekeeping and non-specific 

controls. The RNA will be hybridized with the chip and washed appropriately. The array 

was scanned at two wavelengths following independent excitation with an Array WoRx 

Scanner (Applied Precision). 
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2.3.5 Microarray data analysis:  

Two files obtained from the Array WoRx Scanner containing intensity values for 

each slide read at 595nm and 685nm respectively were used. The spot-finding and 

intensity quantification was done using the SoftWorX™ tracker program (Applied 

Precision Inc.). The SoftWorX™ tracker examines areas on the chip that will be used by 

the program to identify the spots. Each spot is two microns in diameter and the spots are 

equally spaced apart. Each spot highlighted by the program was individually examined 

and spots that were ‘abnormal’ (due to poor hybridization, dust or other experimental 

errors) were flagged. The tracker reads the intensity associated with each spot for the two 

wavelengths from the two wavelength files loaded. These values also include background 

mean and median values and mean and median standard deviation (62, 212). Each spot 

was then annotated with the gene number, name and other data associated with the cDNA 

printed on the chip from an excel file of the 22K genome. All information associated with 

each spot was uploaded into Gene Spring (Silicon Genetics Inc.) for the 22K human 

genome. The spots were normalized by LOWESS normalization (29, 185). This intensity 

dependent
 

normalization was used to eliminate dye-related
 

artifacts in two-color 

experiments. The data was reported as the normalized
 
ratio of Cy5 against Cy3. The 

expression level of genes in CBMC and PBMC was represented as scatter plots with 

CBMC on the Y-axis and PBMC on the X-axis. Diagonal lines are used to identify fold 

change lines (211, 212). Spots present between certain fold lines was used to generate 

separate ‘gene lists’ of upregulated or downregulated genes. The spot intensity data from 

the unstimulated, stimulated and infection slides are loaded together as grouped data. The 
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genes upregulated in CUS sample are compared to the AUS samples as US samples are 

hybridized on the same slide. Comparison was also be done for each cell type in different 

test conditions such as US, SM and infected samples as the data were uploaded together.  

The gene lists from comparisons of CUS/AUS samples was compared by Venn diagram 

method to the CM/AM gene lists and infected sample gene list to identify genes are 

exclusive for one set or genes that are seen in more than one set. Gene Spring (Silicon 

Genetics Inc.)  also estimates statistical significance (t-test) of fold changes obtained and 

to perform cluster analysis.  

2.3.6 Quantitative real time RT-PCR:  

The fold changes in the genes of interest was confirmed using quantitative real 

time PCR. RNA (1µg) from unstimulated, stimulated and infected CBMCs and PBMCs 

was reverse transcribed by random primers to amplify all transcripts. The resulting cDNA 

was then amplified by gene specific primers by the Sybr-Green PCR mix (Invitrogen 

Inc.). Single fluorescent intensity measurement was done after each elongation step. A 

standard curve was generated with serially diluted cDNA for each gene specific primer 

tested. Relative expression of genes was estimated by comparing the amplification of the 

gene(s) of interest against a background control in the two samples being compared. 

Relative gene expression will be calculated by
 
the ∆∆Ct method (21). Briefly, the 

resultant mRNA was normalized to
 
a calibrator gene; in each case, the calibrator was 

chosen to have similar levels of mRNA as the test gene in both PBMC and CBMC. Final 

results are expressed as n-fold difference in
 
gene expression relative to calibrator gene as 

follows: 
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n-fold = 2

–(∆Ct sample –∆Ct calibrator)
, where ∆Ct

 
values of the sample and calibrator were 

determined by subtracting
 
the average Ct value of the transcript under investigation from

 

the average Ct value of the calibrator gene for each sample. The real time PCR 

quantification was done at the Arizona Research laboratories. 
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3. RESULTS 

3.1 Characterization of HIV-1 reverse transcriptase gene involved in 

vertical transmission 

To determine the molecular properties of HIV-1 reverse transcriptase (RT) gene, 

including coding potential, genetic diversity, the epidemiological relationship between 

mother-infant pairs, selection pressure, functional domains and immunological epitopes, 

we analyzed HIV-1 RT gene from five mother-infant pairs following vertical transmission. 

3.1.1 Phylogenetic analysis of RT sequences of mother-infant isolates:  

We first performed multiple independent polymerase chain reaction (PCR) 

amplifications from peripheral blood mononuclear cells (PBMC) DNA of five mother-

infant pairs and obtained 10 to 14 clones from each patient followed by nucleotide 

sequencing of these clones. We then performed the phylogenetic analysis by constructing a 

neighbor-joining tree of the 132 RT sequences from these mother-infant pairs, including 

the set of twins from mother H and the reference strain NL4-3, as shown in Figure 11.  A 

model of evolution was optimized for the entire nucleotide sequence data set using the 

approach outlined by Huelsenbeck and Crandall (92).  The model of choice was 

incorporated into PAUP (230) to estimate a neighbor-joining tree and the tree was 

bootstrapped 1000 times to ensure fidelity.  The phylogenetic tree demonstrated that the 

RT sequences from five mother-infant pairs were well discriminated in separate clusters 
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and that the mother and infant sequences were generally separated in distinct subclusters. 

However, there was some intermingling between mother and infant sequences in pair C.  

Furthermore, the formation of separate subclusters of RT sequences from twins of mother 

H suggests that the there was probably compartmentalization of HIV-1 in the two fetuses 

causing independent evolution.  We also compared our mother-infant pairs’ RT sequences 

with the RT sequences of several clades present in the HIV databases and found that our 

RT sequences grouped with clade or subtype B sequences (not shown).  The data on 

phylogenetic analysis indicate that the epidemiologically linked mother-infant sequences 

are closer to each other than epidemiologically unlinked sequences and that there was no 

PCR cross contamination. 
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Figure 11: Phylogenetic analysis of HIV-1 RT from five mother–infant pairs: The 

neighbor-joining tree is based on the distance calculated between the nucleotide sequences 

from the five mother-infant pairs.  Each terminal node represents one RT gene sequence.  

The numbers on the branch points indicate the percent occurrence of branches over 1,000 

bootstrap resamplings of the data set. 

61

100 

100 

Pair H 

Pair F 

Pair D 

Pair C 

100 

100 

100 

Pair B 



 89 

It is important to note that the mother-infant pairs grouped in the same subtree, even when 

some of the infants’ ages were more than 2 to 3 years, suggesting that the epidemiological 

relationships are maintained in mother-infant pairs no matter how long the infection in the 

infants has progressed. 

3.1.2 Coding potential of RT gene sequences:  

The multiple sequence alignments of the deduced amino acid sequences of HIV-1 

RT genes from five mother-infant pairs, B, C, D, F, mother H and her twin infants IH1 and 

IH2 are shown in Figures 13-18 respectively.  These sequences were aligned with consensus 

subtype B RT sequence (CON B).  We found that 115 of the 132 sequences analyzed 

contained a complete RT open reading frame (ORF), with an 87.2% frequency of intact RT 

open reading frames thus indicating that the coding potential of the RT ORF was maintained 

in most of the sequences in 1680bp sequenced. Moreover, the infected mothers' sequences 

showed a frequency of 85.5% of intact RT ORF while infants demonstrated a frequency of 

88.5%.  Several clones in mother-infant pair B and mother H were found to be defective due 

to a single nucleotide substitution, insertion or deletion resulting either in frame-shift or stop 

codons. The RT sequences also displayed patient and pair specific amino acid sequence 

patterns.  Several amino acid motifs changes were observed in a majority of the mother-

infant pairs' sequences, including a glutamic acid (E) or proline (P) at position 122, an 

arginine (R) at 277, and a threonine (T) or serine (S) at 376 and 400. 
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3.1.3 Analysis of functional domains of RT in mother-infant pairs:   

HIV-1 RT is a heterodimeric protein comprising of two subunits, p66 and p51.  The 

larger subunit of the heterodimer acts as an RNA-dependant DNA polymerase, a DNA-

dependant DNA polymerase and an RNase H that is associated with the C-terminus (55, 71).  

The p66 subunit is folded to form a structure similar to the right hand with palm, finger and 

thumb subdomains (32, 112, 160) that are connected to the RNase H by the “connexion” 

subdomain (98, 104, 105).  Each domain has several secondary structural elements, which 

are critical for primer binding, template binding (98, 112, 209) and nucleotide recruitment 

(78). The active sites of the polymerase comprise of aspartic acid (D) residues at positions 

110, 185 and 186, which are located in the palm subdomain at the bottom of the DNA 

binding cleft (97, 209).  Mutations of these aspartic acid residues abrogates the polymerase 

activity of RT (79, 97, 112, 160).  These aspartate residues of the RT active site were 

conserved within the five mother-infant pairs’ RT sequences.  Furthermore, the D185 and 

D186 that form a part of an essential highly conserved YMDD motif (38, 160, 209) involved 

in binding to the 3’OH of the primer strand (56, 57), were highly conserved in our mother-

infant pairs’ RT sequences (Figures 12 to 17).  The amino acids at positions 73-90 that 

constitute the template grip required for positioning and binding the RT template near the 

active site of the RT (112), were also conserved in most of our RT sequences.  The primer 

grip responsible for primer binding extends from amino acids 227 to 235 (98, 112) and these 

amino acids were also conserved in the mother-infant RT sequences.  The K263, K353 and 

R358 that form salt bridges with the phosphate groups of the template and primer (56, 57, 

160, 209) were found to be conserved in most of the RT sequences analyzed. The thumb 
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subdomain of RT is comprised of two anti-parallel α helices, αH and αI, which bind to the 

opposite strand of dsDNA.  The αH also directly inserts into the minor groove of the DNA 

(56, 97, 98).  Both these helices were generally conserved in our mother-infant RT 

sequences.  

The connexion subdomain that links RT to the RNase H and forms the floor of the 

template binding cleft (104, 105, 209), showed some substitutions, including V293I, A376S 

and A400T in our mother-infant RT sequences. Mutations at positions H361 and Y501 

reduces RNase H activity (105).  Examination of the five mother-infant pairs’ sequences 

revealed that these two positions were intact in all RT sequences (Figures 12 to 17).  

Furthermore, the RNase H active sites contain four acidic amino acid residues, D443, E478, 

D498 and D549 (32, 97, 104, 105), which were highly conserved in our mother-infant pairs’ 

sequences.  In addition, several substitutions were seen in regions of RT that are not known 

to have critical function.  The relevance of these changes is not known. 
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Figure 12. Multiple sequence alignment of Pair B clones of HIV-1 RT 
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Figure 13: Multiple sequence alignment of Pair C clones of HIV-1 RT. 
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   ID.6  .S........ .....R.... .....T..M. .......... .......... .......... A......... .......... ...I.VL... ...P...... ........N. .......... .......... .......... ..V....... .......... .......... .T.......T ...... 
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Figure 14: Multiple sequence alignment of Pair D clones of HIV-1 RT 
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  MF.13  .......... Q......... .......... .......... .......... .......... .......... .......... ..K...S... .......... .......... .......... .P........ .......... .......... .......... .N........ ......E... ....... 
  MF.14  .......... .......... .......... ....L..... .......... .......... .......... .......... ..K....... .......... .......... .......... .P........ .......... .......... .......... .......... ......G... ....... 
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   MF.2  .......... .......... .P........ .......... .......... .......... .......... .......... .........R E......... .......... .......... .......... .......... .......... .......... .......... .......... ....... 
   MF.3  .......... .......... .......... .......... .......... .......... .......... .......... .........R E......... .......... .......... .......... .......... .......... .......... .......... .......... .A..... 
   MF.4  .......... .......... .......... .......... .......... .......... .......... .......... .........R E......... .......... .......... .......... .......... .......... .......... .......... .......... ....... 
   MF.5  .......... .......... .......... .......... .......... .......... .......... .......... .........R E......... .......... .......... .......... .......... .......... .......... .......... .......... ....... 
   MF.6  .......... .......... .......... .......... .......... .......... .......... .......... .........R E......... .......... .......... .......... .......... .......... .......... .......... .......... ....... 
   MF.7  .......... .......... .......... .......... .......... .......... .......... .......... .........R E......... .......... .......... .......... .......... .......... .......... .......... .......... ....... 
   MF.8  .......... .......... .......... .......... .......... .......... .......... .......... .........R E......... .......... .......... .......... .......... .......... .......... .......... .......... ....... 
   MF.9  .......... .......... .......... .......... .......... .......... .......... .......... .........R E......... .......... .......... .......... .......... .......... .......... .......... .......... ....... 
  MF.10  .......... .......... .......... .......... .......... .......... .......... .......... .........R E......... .......... .......... .......... .......... .......... .......... .......... .......... ....... 
  MF.11  .......... .......... ......L... .......... .......... ..A....... .......... .......... .........R E......... .......... .......... .......... .......... .......... .......... .......... .......... ....... 
  MF.13  .......... .......... .......... .......... .......... .......... .......... .......... .........R E......... .......... .......... .......... ..G....... .......... .......... .......... .......... ....... 
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   IF.4  .......... .......... .......... .......... .......... .......... .......... ......M... ...SQ....R E......... .......... .......... .......... .......... .......... .......... .......... .......... ....... 
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   MF.3  ..M....... .....R.... .....T.... .......... .......... .......... .......... .......... ......K... .......... .......... ......S... .......... .......... ....N..... ..N....... .......... .......... ...... 
   MF.4  ..M....... .....R.... .....T..A. .......... .......... .......... .......... .......... .......... .......... .......... ......S... .......... .......... ....N..... .......... .......... .......... ...... 
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   IF.7  ..M..V.... .....R.... .....T.... .......... .......... .......... .......... .......... ......K... .A........ .......... ......S... .......... .......... ....N..... ..T....... .......... .......... ...... 
   IF.8  ..M....... .....R.... .....T..A. .......... .......... .......... .......... .......... ......K... .......... .......... ......S... .......... ...V...... ....N..... .......... .......... .......... ...... 
   IF.9  ..M....... .....R.... .....T..A. .......... .......... .......... .......... .......... ......K... .A........ .......... ......S... .......... ...V...... ....N..... .......... .......... .......... ...... 
  IF.10  ..M....... .....R.... .....T..A. .......... .......... .......... .......... .......... ......K... .A........ .......... .S....S... ....P..... .......... ....N..... .......... .......... .......... ...R.. 
  IF.11  ..M....... .....R.... .....T..A. .......... .......... .......... .......... .......... ..C...K... .......... .......... ......S... .......... .........G ....N..... .......... .......... .......... ...... 
  IF.12  ..M....... .....R.... .....T..A. .......... .......... .......... .......... .......... ......K... .A.....A.. .......... ......S... .......... .......... ....N..... .......... .......... .......... ...... 

Figure 15: Multiple sequence alignment of Pair F clones of HIV-1 RT 
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  IH1.9  .......... .......... .......... .......... .......... .......... .......... .......... .......... .......... .K........ .......... .......... .......... .......... .......... .......... .......... ....... 
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  IH2.9  .......... ..R....... .......... .......... .......... .......... .......... .......... .......... .......... .K........ .......... .......... .......... .......... .......... .......... .......... ....... 
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         Primer grip(227-235)     ααααH           ααααI 
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Figure 16: Multiple sequence alignment of Infant H1 and Infant H2 clones of HIV-1 RT. 



 97 
 
   Finger    Template grip (73-90)      D110  Palm        CTL epitope........  YMDD 
         1                                           50                                                                       110                                          150                                      187 
CON B  PISPIETVPV KLKPGMDGPK VKQWPLTEEK IKALVEICTE MEKEGKISKI GPENPYNTPV FAIKKKDSTK WRKLVDFREL NKRTQDFWEV QLGIPHPAGL KKKKSVTVLD VGDAYFSVPL DKDFRKYTAF TIPSINNETP GIRYQYNVLP QGWKGSPAIF QSSMTKILEP FRKQNPDIVI YQYMDDL 
   MH.1  .....D.... .......... ..R....... .......... .......... .......... .......... .......... .......... .......... .K........ .......... .......... .......... ..K....... .......... .......... ...R...... ....... 
   MH.2  .....A.... .......... ..R....... .......... .......... .......... .......... .......... .......... .......... .K........ .......... .......... .......... .......... .......T.. .......... ...R...... ....... 
   MH.3  .......... .......... .......... .......... .......... .......... .......... .......... .......... .......... .K........ .......... .......... .......... .......... .......... .......... .......... ....... 
   MH.4  .......... .......... .......... .......... .......... .......... .......... .......... .......... .......... .K........ .......... .......... .......... .V........ .......... .......... .......... ....... 
   MH.5  .......... .......... .......... .......... .......... .......... .......... .......... .......... .......... .K........ .......... ...L...... .......... ..K....... .......... .......... ...R...... ....... 
   MH.6  .......... .......... .......... .......... .......... .......... .......... .......... ......I... .......... .K........ .......... .......... .......... ...H...... .......... .......... .......... ....... 
   MH.7  .......... .......... .......... .......... .......... .......... .......... .......... .......... .......... .K........ .......... .......... .......... .......... .......... ....S..... .......... ....... 
   MH.8  .....D.... .......... .......... ..T....... .......... .......... .......... .......... .......... .......... .K........ .......... .......... .......... ..K....... .......... .......... ...R...... ....... 
   MH.9  .......... .......... .......... .......... .......... .......... .......... .......... .......... .......... .K........ .......... .......... .......... ..K....... .......... .......... ...R...... ....... 
  MH.10  .......... .......... .......... .......... .......... .......... .......... .......... .......... .......... .K........ .......... .......... .......... .......... .......... .......... .......... ....... 
  MH.11  ......A... .......... .......... .......... .......... .......... .......... .......... .......... .......... .K........ .......... .......... .......... ..K....... .......T.. .......... ...R...... ....... 
  MH.12  .......... .......... .......... .......... .......... .......... .......... .......... .......... .......... .K........ .......... .......... .......... ..K....... .......... .......... ...R...... ....... 
  MH.13  .......... .......... .......... .......... .......... .......... .......... .......... .......... ........E. .K........ .......... .......... .......... ..K....... .......T.. .......... L..R...... ....... 
  MH.14  .......... .......... .......... .......... .......... .......... .......... .......... .......... .......... .K........ .......... .......... .......... ..K....... .......... .......... ...R...... ....... 
 

            Thumb       Connection 

         Primer grip(227-235)     ααααH           ααααI 
        188                                                                 250                                                     300                                                                             374 
  CON B  YVGSDLEIGQ HRTKIEELRQ HLLRWGFTTP DKKHQKEPPF LWMGYELHPD KWTVQPIVLP EKDSWTVNDI QKLVGKLNWA SQIYAGIKVK QLCKLLRGTK ALTEVIPLTE EAELELAENR EILKEPVHGV YYDPSKDLIA EIQKQGQGQW TYQIYQEPFK NLKTGKYARM RGAHTNDVKQ LTEAVQK 
   MH.1  ..R....... .........P ...K...... .....R.... ..I....... .......... .......... .......... G........R .......R.. ....I..... .......... .......... .......... .........X ....N..... .......... .......I.. ....... 
   MH.2  ..R....... .......... ...K...... .......... ..I....... .......... .......... .......... ........AR .......R.. ....I..... .......... .......... .......... .........X .......... .......... .......I.. ....... 
   MH.3  .......... .......... ...K...... .....E.... .......... ....P..... .......... .......... .........R .......... ....I..... .......... .......... ......E... .......... .......... .......... .......I.. ....... 
   MH.4  .......... .......... ...K...... .......... .......... .......... .......... .......... .........R .......... ....I..... .......... ....G..... ......E... .......... .......... .......... .......I.. ....... 
   MH.5  ..R....... .......... ...K...... .......... ..I....R.. .........L .......... ......XI.. .........R .......... ....I..... .......... ....G..... ......E... .......... .......... .......... .......I.. ....... 
   MH.6  .......... .......... ...K...... .......... .......... .......... .......... .......... .........R .......... ....I..... .......... .......... ......E... .......... .......... .......... .......I.. S...... 
   MH.7  .......... .......... ...K...... .......... .......... .......... .......... .......... .........R .......... ....I..... .......... .......... ......E... .......... .......... .......... ..V....I.. ....... 
   MH.8  ..R....... .......... ...K...... .......... ..I....... .......... .......... .......... .........R .......R.. ....I..... .......... .......... .......... .........X .......... .......... .......I.. ....... 
   MH.9  ..R....... .......... ...K...... .......... ..I....... .......... .......... .......... .........R .......R.. ....I..... .......... .......... .......... .........X .......... .R........ ...Y...I.. ....... 
  MH.10  .......... .......... ...K...... .......... .......... .......... .......... P......... .........R .......... ....I..... .......... .......... ......E... .......... .......... .......... .......I.. ....... 
  MH.11  ..R....... .......... ...K...... .......... ..I....... .......... .......... .......... ........AR .......R.. ....I..... .......... .......... ......E... .......... .......... .......... .......I.. ..G.... 
  MH.12  ..R....... .......... ...K...... .......... .......... .......... .......... .......... .........R .......... ....I..... .......... .......... ......E... .......... .......... .......... .......I.. ....... 
  MH.13  ..R....... .......... ...K...... ...L...... ..I......G .......... ...R..ATGL P......... .........R .......R.. ....I..... .......... .......... .......... .......... .......... .......... .......I.. ....... 
  MH.14  ..R....... .......... ...K...... .......... ..I....... .......... .......... .......... .........R .......R.. ....I..... .......... .......... .......... .......... .......... .......... .......I.. ....... 
 

         Connection      RNase H 

                      D443         E478         D498       D549 

        375                                                                       ↓           455                       ↓                   ↓      505                                             ↓         560 

  CON B  IATESIVIWG KTPKFKLPIQ KETWEAWWTE YWQATWIPEW EFVNTPPLVK LWYQLEKEPI VGAETFYVDG AANRETKLGK AGYVTDRGRQ KVVPLTDTTN QKTELQAIHL ALQDSGLEVN IVTDSQYALG IIQAQPDKSE SELVSQIIEQ LIKKEKVYLA WVPAHKGIGG NEQVDKLVSA GIRKVL 
   MH.1  .T......X. .....G.... ...X.T.... .........X .......... .......... A........R .......IR. .....N.... .......... .......... .......... .......... .......... ..V......E .......... ......R..R .........T R..... 
   MH.2  .T......X. .....R.... ...X.T.... .........X .......... .......... A........R .......IR. .....N.... .......... .......... .......... .......... .......... ..V......E .......... ......R..R S........T R..... 
   MH.3  .T........ .....R.... .....T.... .......... .......... .......... A......... .......I.. .....N.... .......... .......... .......... .......... .......... ..V......E .......... .......... .........T ...... 
   MH.4  .T........ .....R.... .....T.... .......... .......... .......... A......... .......I.. .....N.... .......... .R........ .......... .......... .......... ..V......E .L........ .......... ........RT ...... 
   MH.5  .T........ .....R.... .....T.... .......... .......... .......... A......... .......I.. .....N.... .......... .......... .......... .......... .......... ..V......E .......... ......R..R .........T R..... 
   MH.6  .T........ .....R.... .....T.... .......... .......... .......... A......... .......I.. .....N.... .......... .......... .......... ...G...... .......... ..V..P...E .L........ .......... ........RT ...... 
   MH.7  .T........ .....R.... .....T.... .......... .......... .......... A......... .......I.. .....N.... .......... .......... .......... .......... .......... ..V......E .......... .......... ........RT ...... 
   MH.8  .T......X. .....R.... ...X.T.... .........X .......... .......... A........R .....A.I.. .....N.... .......... .......... .......... .......... .......... ..V......E .......... ..S...R..R .........T R..... 
   MH.9  .T......X. .....R.... ...X.T.... .........X .......... .......... A......... .......I.. .....N.... .......... .......... .......... .......... .......... ..V......E .......... ..S...R..R .........T R..... 
  MH.10  .T........ .....R.... .....T.... .......... .......S.. .......... A......... .......I.. .....N.... .......... .......... .......... .......... .......... ..V..P...E ....G..... ....P.R... .........T R..... 
  MH.11  .T........ .....R.... .....T.... .......... .......... .......... A......... .......I.. .....N.... ......G... R......... .......... .......... .......... ..V......E .......... ....P.R... .........T R..... 
  MH.12  .T........ .....R.... .....T.... .......... .......... .......... A......... .......I.. .....N.... .......... .......... .......... .......... ..P....... ..V...LL.E .X.RK..... ....P.R... .........T R..... 
  MH.13  .T........ .....R.... .....T..A. .......... .......... .......... A........R .......IR. .....N.... .......... .......... .......... .......... .......... ..V......E .......... ......R..R .........T R..... 
  MH.14  .T........ .....R.... .....T.... .......... .......... .......... A........R .......IR. .....N.... .G........ .......... .......... .......... .......... ..V......E ...M...... ......R..R .........T R..... 
 

Fig 17: Multiple sequence alignment of Mother H clones of HIV-1 RT.  

 

Figure 12-17 show multiple sequence alignment of deduced amino acids of HIV-1 RT from five mother-infant pairs.  The top sequence 

(CON B) is the consensus subtype B RT sequence and the following sequences are from mother-infant pair sequences (M stands for 

mother sequences and I for infant sequences and the number of clones for mother and infant are indicated by clone number). The structural 

elements of RT are indicated above the alignment.  Dots represent amino acid agreement with CON-B and substitutions are shown by 

single letter codes for the changed amino acid.  Stop codons are shown as x and dashes represent gaps or truncated protein.  Relevant 

amino acid motifs and domains essential for RT functions are shown by spanning arrowheads indicated above the alignment. 
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3.1.4 Variability of RT gene sequences in mother-infant isolates:  

The degree of genetic variability of RT sequences, measured as nucleotide and 

amino acid distances based on pairwise comparison, was determined for the five mother-

infant pairs' sequences, and is shown in Table 4.  The nucleotide sequences of RT within 

mothers (mothers B, C, D, F and H) differed by 0.80, 1.76, 1.37, 1.21 and 2.90% (median 

values), respectively, ranging from 0 to 3.46%.  The variability in the infant sets (infants B, 

C, D, F, H1 and H2) was similar to the mother sequences and differed by 0.80, 1.49, 1.37, 

1.31, 0.64 and 1.24% (median values), respectively, ranging from 0 to 2.21%.  Interestingly, 

the variability between epidemiologically linked mother and infant sets (pairs B, C, D, F and 

H) was also on the same order of 1.05, 1.7. 1.74, 1.22 and 1.45 (median values) respectively, 

ranging from 0 to 4.48%.  Moreover, the amino acid sequence variability of RT within 

mothers (mothers B, C, D, F and H) differed by 1.26, 2.81, 1.98, 1.26 and 2.27% (median 

values), respectively, ranging from 0 to 5.51%.   The variability within infants (infants B, C, 

D, F, H1 and H2) differed by 1.44, 2.35, 1.80, 1.62, 1.44 and 1.62% (median values), 

ranging from 0 to 4.57%, and between mother-infant pairs (pairs B, C, D, F and H) by 1.44, 

2.90, 2.53, 1.44 and 2.17% (median values), ranging from 0 to 6.47%, respectively.  We also 

determined sequence variability between epidemiologically unlinked individuals and found 

that the nucleotide distances ranged from 0 to 9.1% (median 5.4%) and amino acid from 0 to 

12.4% (median 6.34%). In general, the variability was lower between epidemiologically 

linked mother-infant pairs' sequences than epidemiologically unlinked individuals, 

suggesting that epidemiologically linked mother-infant pair sequences are closer to each 

other.  We also investigated if the low variability of RT sequences seen in our mother-infant 
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pair isolates is due to errors made by LA Taq polymerase used in our study.  We did not find 

any errors made by the LA Taq polymerase when we used a known sequence of HIV-1 NL 

4-3 for PCR amplification and DNA sequencing of the RT gene. 

Table 4: Distances in the RT sequences within mother sets, within infant sets, and 

between mother-infant pairs. 

Nucleotide distances 

Within mothers Within infants Between mother and infants 

Pair Min Med Max Pair Min Med Max Pair Min Med Max 

MB 0.0 0.80 2.10 IB 0.0 0.80 1.30 B 0.0 1.05 2.05 

MC 0.0 1.76 3.46 IC 0.0 1.49 2.17 C 0.0 1.70 3.26 

MD 0.0 1.37 2.21 ID 0.0 1.37 2.21 D 0.0 1.74 4.48 

MF 0.0 1.21 1.54 IF 0.0 1.31 2.93 F 0.0 1.22 2.08 

MH 0.0 2.90 2.60 IH1 0.0 0.64 1.34 H 0.0 1.45 3.30 

    IH2 0.0 1.24 1.75     

Total 0.0 1.34 3.46 Total 0.0 1.48 2.21 Total 0.0 1.32 4.48 

 

Amino acid distances 

Within mothers Within infants Between mother and infants 

Pair Min Med Max Pair Min Med Max Pair Min Med Max 

MB 0.0 1.26 4.61 IB 0.0 1.44 2.72 B 0.0 1.44 4.57 

MC 0.0 2.81 5.51 IC 0.0 2.35 4.01 C 0.0 2.90 5.51 

MD 0.0 1.98 3.83 ID 0.0 1.80 4.57 D 0.0 2.53 6.47 

MF 0.0 1.26 2.35 IF 0.0 1.62 3.09 F 0.0 1.44 3.09 

MH 0.0 2.27 3.09 IH1 0.0 1.44 2.17 H 0.0 2.17 6.27 

    IH2 0.0 1.62 2.72     

Total 0.0 1.52 5.51 Total 0.0 1.42 4.57 Total 0.0 2.90 6.47 

 Note: M: mother; I: infant.   Min: Minimum; Med: Median; Max: Maximum. Totals were 

calculated for all pairs together 
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3.1.5 Dynamics of HIV-1 RT gene evolution in mother-infant isolates:  

The maximum likelihood estimates and chi square tests performed by Modeltest 

3.06 (181) suggested different models of evolution for each patient sample. The estimates 

of genetic diversity of RT sequences from the five mother-infant pairs were determined by 

using the Watterson model, assuming segregating sites and the Coalesce method assuming 

a constant population size (50). The estimates of genetic diversity shown as theta values 

(estimated as nucleotide substitutions per site per generation) are shown in Table 5.  The 

levels of genetic diversity among infected mothers and infants, as estimated by Watterson 

method, ranged from 0.012 to 0.025 and 0.009 to 0.021, respectively.  Similar results were 

obtained when the mother-infant pair populations were analyzed by the Coelesce method, 

with the values ranging from 0.020 to 0.058 in mothers and from 0.016 to 0.060 in infants.  

These data suggest that the mother and infant populations evolved very slowly and at 

similar rates. The differences observed in the estimates of genetic diversity between and 

mothers and infants sequences are not statistically significant. 
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Table 5: Estimates of genetic diversity of HIV-1 RT within mother sets and infant 

sets. 

MOTHERS INFANTS 

 N θθθθw θθθθc   θθθθw θθθθc 

Mother B 12 0.015 0.038 Infant B 12 0.014 0.033 

Mother C 12 0.025 0.058 Infant C 13 0.021 0.060 

Mother D 11 0.017 0.042 Infant D 10 0.019 0.040 

Mother F 14 0.012 0.029 Infant F 12 0.018 0.053 

Mother H 14 0.020 0.020 Infant H1 11 0.009 0.016 

    Infant H2 11 0.015 0.044 

Totals 63 0.018 0.037  69 0.016 0.041 

 

 Note: N – number of RT clones sequenced. Totals were indicated as an average of all 

values. 

θw – genetic diversity as calculated by the Watterson  method;  

θc  – genetic diversity as calculated by the Coelesce  method.  

3.1.6 Rates of accumulation of nonsynonymous and synonymous substitutions: 

Selection pressure on the RT gene was estimated as a ratio of accumulation of non-

synonymous to synonymous substitutions (dN/dS) using the Nielsen and Yang model 

(168) as implemented in codeML (260, 261).  Although there are several models to predict 

the rate of positive selection, most of these models assume that all sites in a sequence are 

under the same selection pressure with the same underlying dN/dS ratio (167).  As 

substitutions of critical regions of a protein can lead to deleterious mutations, it is 

unrealistic to make assumptions about equal degree of selection throughout the protein.  In 

cases where positive selection is operating on proteins, it has been shown that only a 

limited number of amino acids may be responsible for adaptive evolution.  In such a case, 

methods that estimate dN/dS ratios over an entire sequence may fail to detect positive 



 102 

selection even when it exists (265).  The codeML method uses the codon as a unit of 

evolution as opposed to a nucleotide, and thus allows us to estimate the percentage of 

positions that are being positively selected instead of averaging the rates of positive 

selection over the entire gene (167, 265).  This method also provides the percentage of 

mutations that are conserved, neutral or positively selected based on dN/dS values of 0, 1 

or > 1, respectively. The dN/dS values as well as the proportions of each site category 

estimated using the Nielsen and Yang model are shown in Table 6.  As described in the 

materials and methods, a dN/dS value of greater than 1 suggests positive selection.  The 

percentage of the substitutions being positively selected is shown in column p3.  Except for 

viral populations in infants C and F, all isolated populations were associated with dN/dS 

ratio >1, indicating positive selection.   

Table 6: dN/dS values in HIV-1 RT sequences within mother sets and infant sets. 

MOTHER INFANT 

 N P1 P2 P3 dN/dS  N P1 P2 P3 dN/dS 

Mother B 12 53 18.8 27 8.9 Infant B 12 41 42 16 3.31 

Mother C 12 55.5 43 1.3 6.09 Infant C 13 0 81.2 18.8 0.01 

Mother D 11 70.6 5.7 23.6 2.52 Infant D 10 74.8 19.2 5.9 4.44 

Mother F 14 81.7 7.8 10.4 2.67 Infant F 12 0 100 0 0.001 

Mother H 14 72 0 27 2.34 Infant H1 11 47 50 2.8 14.04 

      Infant H2 11 56 42 0.6 16.58 

Totals  66.5 15.1 18.4 4.50  69 36.5 55.7 7.8 6.39 

 

 Note: N – number of RT clones sequenced.; P1= proportion of conserved codons as a 

percent; P2= proportion of neutral codons as a percent; P3 = proportion of positively 

selected codons as a percent. dN/dS= ratio of synonymous to non-synonymous at P3 sites. 

Totals were calculates as an average of all values. 
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In the case of infants C and F, there was no positive selection on the mutations and 

most of the substitutions were neutral.  All mothers generally displayed a higher proportion 

of positively selected p3 sites as compared to the infants.  Although the dN/dS values for 

infant H1 and H2 seem higher than mother H, closer observation shows that the percentage 

of sites undergoing positive selection is higher in the mother than in the twin infants. Table 

6 shows that in mothers, over half the sites (66.6%) belong to the conserved p1 category, 

whereas the frequency of neutral and positively selected sites was equally distributed.  This 

is in contrast to the viral population from the infants where the conserved site category (p1) 

had a frequency of only 36.5% and close to half the sites (55.7%) belongs to the neutral p2 

category.  Statistical analysis revealed that only the proportion of the neutral p2 category 

was significantly different between mothers’ and infants’ sequence viral populations 

(p<0.05).  This is signified by the case that all the sites in Infant F belonged to the p2 

category.  Higher proportion of p2 sites in infants have also been shown in the nef gene 

product in these same mother infant pairs (75).  The variable (positively selected) sites (p3) 

in the mothers’ sequences were associated with dN/dS ratios that ranged from 2.34 to 8.9, 

with viral sequence populations from three mothers (MD, MF, MH) that displayed a dN/dS 

ratio of below three.  This is in contrast to the infants’ viral populations that were either 

associated with a dN/dS of below 1, indicating no directional selection (IC and IF), a 

dN/dS ratio between 3 and 4 (IB and ID) or a very high dN/dS ratio as found in the 

sequences isolated from the twins H1 and H2.  This analysis showed that the RT gene in 

both the mothers and infants is under positive selection pressure. 
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3.1.7 Mutations associated with anti-retroviral drug resistance:  

Several naturally occurring mutations in the pol gene in treatment-naïve patients 

have been reported (49, 252), although most of these mutations are not seen in our RT gene 

sequences. In addition, these mutations found in treatment-naïve patients were usually seen 

in non-subtype B infections and our patient population was from subtype B infected 

individuals. These changes were usually in amino acids where the mutations did not actually 

confer nucleoside reverse transcriptase inhibitor (NRTI) drug resistance but were accessory 

mutations (234, 245, 246). Several amino acid changes in RT seen in patients undergoing 

NRTI therapy are selected primarily with zidovudine (ZDV) treatment. These mutations 

referred to as thymidine analog mutations (TAMs) include M41L, D67N, K70R, L210N, 

T215Y/F and K219Q (216, 245).  Since most of our infected mothers were treatment naïve 

but infants were actively on ZDV therapy or on other drugs (Table 1), we examined the RT 

sequences for ZDV resistant mutations (Fig 12-17).  Several TAMs associated with drug 

resistance were observed in infants C and D who were either on prolonged or failed ZDV 

therapy. These mutations included M41L in three clones from infant C and two clones in 

infant D, D67N and K70R in five clones from infant C, L210W in one clone from infant D 

and T215F in seven clones from infant D and K219Q in four clones from infant C and D. In 

addition, one clone from infant C had all the above mutations, indicating significant 

resistance to ZDV (30, 234).  Although mother C was not on any antiretroviral therapy two 

clones had TAMs at M41L and K219Q positions, suggesting that these mutations were 

naturally occurring. It is interesting to note that the infant of this mother yielded several 
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clones with these two mutations. An R211K mutation known as an accessory mutation (245) 

associated with NRTI resistance was also observed in all mother-infant pair H clones. 

3.1.8 Immunologically relevant mutations in the CTL epitopes of RT:   

The cytotoxic T lymphocyte (CTL) responses have been shown to exert significant 

immune pressure during HIV-1 infection. Strong CTL responses are maintained in long-

term nonprogressors and these responses correlate with decrease in viral load (30, 76, 77, 

110, 198). It has been shown that transmitting mothers have larger numbers of CTL escape 

variants as compared to non-transmitting mothers (257), emphasizing that CTL escape 

variants may become a part of circulating virus that influences vertical transmission (152, 

257).  Several regions in the RT gene have been shown to elicit strong CTL responses 

during HIV-1 infection.  The CTL eptitope, TVLDVGDAY, between amino acid positions 

107-115 (123), is highly conserved among known HIV-1 isolates. This epitope contains the 

amino acid D110 which is part of the RT active site. This epitope was highly conserved in 

most of the mother-infant RT clones sequenced (Fig. 12-17).   

Another motif, TAFTIPSI, between amino acid positions 128-135 is an HLA-B51 

restricted epitope (123). This epitope is present in the palm region consisting of positions 

A129 and I135 as anchor residues.  This motif was mostly conserved in the RT sequences of 

the five mother-infant pairs analyzed.  In addition, I135T mutation decreases CTL response 

but in increasing concentration of mutant peptide re-establishes appropriate responses (152, 

257).  The I135T mutation was seen in several Pair D sequences.   
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The next motif AIFQSSMTK from amino acid positions 158-166 (123), comprising 

of I159, F160, K166 anchor residues and recognized by several HLA types, is conserved 

among known HIV-1 isolates and believed to be associated with vertical transmission 

(257).   Our mother-infant pairs’ RT sequences showed conservation in this motif.  

Another CTL epitope YPGIKVRQL from positions 271-279 (123) has been reported to 

be conserved in transmitting mothers and infants with several natural occurring variants 

(257), was also found to be conserved in our mother-infant pairs’ RT sequences. In 

addition, a P272H mutation that causes significant loss of CTL response for this epitope 

(257) was not seen in any of the RT clones analyzed.  

3.2 Role of envelope gp120 in HIV-1 subtype C pathogenesis 

Subtype C has emerged to be the most predominant subtype in HIV-1 infected 

individuals worldwide, with more than 50% of HIV-1 infections caused by this subtype. 

Subtype C is also characterized by causing a higher viral load and faster disease 

progression compared with other subtypes (6, 176, 177, 244). Recent studies suggest that 

introduction of subtype C in various populations quickly predominates over other 

subtypes, suggestting a more rapid transmission of subtype C compared with other 

subtypes. This work examines the role of the HIV-1 subtype C envelope gp120 gene 

reciprocally cloned into a subtype B backbone and evaluated for differential biological 

properties, including cellular tropism, viral replication, cytopathic effects of subtype C 

vs. subtype B. 
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3.2.1 Generation of subtype C chimeras:  

The chimeric subtype C DNA consisted of the V3 region of previously 

characterized subtype C from infected patient samples from India (99) reciprocally 

inserted into the backbone of subtype B pNL4-3 (a lymphotropic/X4 HIV-1). The 

chimeric proviral DNAs were used to generate chimeric subtype C env viruses by 

transfection of these DNAs into HeLa cells using Lipofectamine. All proviral DNAs 

yielded chimeric viruses as measured by a reverse transcriptase assay 72h post-

transfection (Fig. 18). Clone designation for each patient chimera is shown in Table 3. 
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Figure 18: Generation of HIV-1 subtype C chimeras by transfection. Chimeras are shown 

on the X-axis and reverse transcriptase assay counts are shown as cpm/ml on Y-axis. 

 

3.2.2 Replication of subtype C chimeric viruses in T-Lymphocyte cell lines: 

We first sought to determine whether the subtype C env chimeras retained the 

lymphotropic properties of the parental clone NL4-3 by infecting the T-cell line, A3.01, 
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with the chimeric viruses.  A3.01 contains CD4 and CXCR4 but no CCR5.  Our results 

showed that the parental X4 tropic HIV-1NL4-3 productively infected and replicated in 

A3.01 over a 27-day infection period.  However, the subtype C chimeras did not replicate 

in A3.01 cell line (Fig. 19), suggesting that these chimeras were no longer lymphotropic. 

These results further demonstrate that replacement of the V3-V5 region of envelope from 

subtype C infected patients was responsible for the changing the lymphotropism of the 

parental virus (NL4-3). Moreover, our data also suggest that the integrated proviruses 

present in these subtype C infected patients’ PBMC DNA were not lymphotropic (X4 

viruses).  
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Figure 19: Replication kinetics of subtype C env chimeras in T-cell line A3.01. T-cell line 

A3.01 cells were infected with equal amounts of subtype C env chimeras, HIV-1BaL and 

parental HIV-1 NL4-3.  Cells were fed every 3 days and virus was assayed in the culture 

supernatant by RT assay. The graph shows the replication of these chimeras and controls 

with each bar representing a day. Chimeras are shown on the x-axis and RT assay counts 

on the y-axis. 
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3.2.3 Co-receptor utilization of chimeric subtype C viruses: 

We determined the co-receptor utilization of the subtype C env chimeras (Clone 

designation in Table 3) using U373- MAGI indicator cell lines. These cell lines express 

the CD4 receptor in conjunction with either CCR5 or CXCR4 as co-receptor and can be 

infected with either macrophage tropic (R5) or lymphotropic (X4) viruses respectively. 

These cells contain an inducible β-galactosidase reporter driven by HIV-1 LTR that can 

be used as an indicator for entry. As controls, HIV-1NL4-3 (lymphotropic, X4 and 

syncytium inducing (SI) isolate) and HIV-1BaL (macrophage-tropic, R5 and non-

syncytium inducing (NSI) isolate) and several subtype B and C primary isolates were 

used.  As shown in Table 7, all the subtype C env chimeras were able to infect the U373-

MAGI-CCR5 cell line but were unable to infect the U373-MAGI-CXCR4 cell line.  The 

number of blue cells indicates the level of virus entry in MAGI-CCR5 or CXCR4 cell 

line (Table 7). Several chimeras showed considerable differences in infectivity, including 

chimeras 171, 173 that showed a higher level of infectivity compared with other chimeras 

and the primary isolate controls. 

This data suggests that the cloning of these chimeras yielded functional envelope 

regions that can bind the CD4 and CXCR4/CCR5 and allow virus entry and production of 

early viral genes. As seen by the counts for infectivity of the MAGI-CCR5 line, the 

chimeras showed considerable differences in infectivity. Some chimeras (171, 173) 

demonstrated remarkably higher levels of infectivity compared with other chimeras and 

primary isolate controls indicating an increased rate of entry for these chimeras. The 

levels of virus entry correlated with the increasing virus counts (5000 and 10,000 RT 
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counts) used for infection. These data show that the envelope region of subtype cloned 

into subtype conferred macrophage-tropism (R5 phenotype) to the chimeric virus.  Since 

subtype C chimeras showed varying rate of entry in MAGI-CCR5 cell line, wild type 

viruses (subtype C) infecting these patients, would also have had different rates of entry 

into target cells. This could be attributed to the differences in the V3 region of the 

subtype C that was reciprocally inserted into subtype B, pNL4-3.  

Table 7: Rate of entry of subtype C chimeras in U373 MAGI CCR5  cell line.   

Infection counts →→→→ 5000 10000 

CHIMERA ↓ No.of blue cells 

Phenotype from 

MT-2 

171 21 99 NSI 

173 23 92 NSI 

182 9 18 NSI 

183 7 12 NSI 

221A 0 2 NSI 

282 9 30 NSI 

284 2 6 NSI 

331 13 31 NSI 

334 0 2 NSI 

452 23 65 NSI 

454 0 2 NSI 

512 1 3 NSI 

514 1 4 NSI 

639 1 2 NSI 

1011 2 6 NSI 

1014 1 6 NSI 

2099 (B-R5) 8 19 NSI 

2101 (B-X4/R5) 5 10 SI 

3041 (C-R5) 7 34 NSI 

5441 (C-X4) - - SI 

 

 Note: Cells were infected with 5000-10000 RT counts of subtype C chimeras and 40 hr 

post-infection, rate of entry was assessed by staining cells with X-gal and counting blue 

cells/well.
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Table 8: Rate of entry of subtype C chimeras in U373 MAGI CXCR4  cell lines.  

Infection counts →→→→ 5000 10000 

CHIMERA↓ No.of blue cells 

Phenotype from 

MT-2 

171 - - NSI 

173 - - NSI 

182 - - NSI 

183 - - NSI 

221A - - NSI 

282 - - NSI 

284 - - NSI 

331 - - NSI 

334 - - NSI 

452 - - NSI 

454 - - NSI 

512 - - NSI 

514 - - NSI 

639 - - NSI 

1011 - - NSI 

1014 - - NSI 

2099 (B-R5) - - NSI 

2101 (B-X4/R5) 10 21 SI 

3041 (C-R5) - - NSI 

5441 (C-X4) 23 38 SI 

 

Note: Cells were infected with 5000-10000 RT counts of subtype C chimeras and 40 hr 

post-infection, rate of entry was assessed by staining cells with X-gal and counting blue 

cells/well. 

 

3.2.4 Syncytium inducing capacity of subtype C env chimeras: 

The syncytium-inducing ability of the subtype C env chimeras was observed by 

infecting MT-2 cell lines with the chimeric viruses.  Viruses that produce greater than 

four syncytia per field were denoted as syncytium inducing (SI) phenotype and the 

viruses that did not induce any syncytia were called as non-syncytium inducing (NSI) 

phenotype. As shown in the Table 7 and 8, all of the Subtype C V3 region chimeras 

failed to produce any syncytia in MT-2 cells and therefore are of the NSI phenotype 
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(similar to known R5 isolates HIV-1BaL). The control parental NL4-3 virus which has a 

known SI phenotype produced significant levels of syncytia (at least 10 per field of 

view). As expected, the macrophage-tropic viruses used as control did not produced 

syncytia in culture. These data suggest that the envelope sequences of the viruses 

integrated in this patient samples renders them less cytopathic as compared to HIV-1 

NL4-3. 

3.2.5 Replication kinetics of subtype C env chimeras in primary blood lymphocytes: 

Primary lymphocytes from peripheral blood (PBL) express CD4 and both 

chemokine receptors, CXCR4 and CCR5, and therefore can be infected by both X4 and 

R5 viruses. As shown in Fig. 21, subtype C env chimeras, which did not replicate in 

A3.01 T-lymphocyte cell line, were found to replicate in PBL with varying efficiencies. 

This data suggests that there was no defect in subtype C chimeras’ replication capabilities 

as a result of the reciprocal insertion of the V3-V5 regions from subtype C patient 

samples into NL4-3. The replication kinetics of subtype C chimeras in PBL showed that 

these chimeras replicated at a higher efficiency as compared to subtype B chimeras (M5g, 

M7f, M1c) (Fig. 20).  The data clearly showed that chimeras 171 and 173 replicated and 

peaked much earlier in infection as compared to all other chimeras. Although some 

chimeras (284 and 331) peaked relatively late in infection, they peaked at counts higher 

than the subtype B chimeras. All the subtype C chimeras also replicated at levels higher 

than the subtype B primary isolates. The replication data of the subtype C chimeras 

correlated well with the higher rates of entry of these chimeras in the MAGI cell line 

experiments (Fig. 20 and Table 7). Comparative rates of entry of chimeras correspond 
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with the peak of viral replication, where 171 and 173 with highest level of entry in MAGI 

cells peaked earlier and replicated at higher levels compared with chimeras 284 and 331 

that showed lower levels of entry and delayed RT peaks. Comparison of the primary 

isolates of subtype C and subtype B also showed that the subtype C primary isolates 

replicated better than the subtype B primary isolates. These data suggest that the envelope 

region of the subtype C can influence the rate and efficiency of HIV-1 replication.  
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Figure 20: Replication kinetics of HIV-1 subtype env C chimeras in primary 

lymphocytes. Primary lymphocytes were infected with equal amounts of subtype C env 

chimeras, subtype B env chimeras, subtype C and B primary isolates and parental HIV-1 

NL4-3.  Cells were fed every 3 days and virus was assayed in the culture supernatant by RT 

assay. The graph shows the replication of these chimeras and controls with each bar 

representing a day. Chimeras are shown on the x-axis and RT assay counts on the y-axis. 
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3.2.6 Replication kinetics of subtype C env chimeras in primary human 

macrophages:  

Primary monocyte derived macrophages (MDM) express a low level of CD4 and 

CXCR4 but a high level of CCR5. However, MDM support efficient replication of R5 

viruses but a non-productive infection of X4 viruses. Since subtype C chimeras showed a 

R5 phenotype (Table 7), the replication efficiencies of these chimeras were determined in 

primary MDM.  Figure 21 shows that subtype C chimeras replicated more efficiently in 

MDM compared with subtype B controls.  The rate of replication of subtype C chimeras 

in MDM also correlated with the rate the entry in MAGI-CCR5 cell line, supporting the 

hypothesis that the increased replication kinetics of these chimeras is due to a high rate of 

entry.  The primary R5 isolates of subtypes B (2099) and C (3041) replicated well in 

MDM, whereas the subtype B dual tropic (X4/R5) virus (2101) also replicated in MDM, 

albeit at a low efficiency. Moreover, comparison of subtype B and subtype C primary 

isolates also showed that the subtype C primary isolates replicated better than subtype B 

primary isolates. Taken together, these data suggest that the envelope gene of subtype C 

can influence increased HIV-1 entry and replication. 
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Figure 21: Replication of HIV-1 subtype C in primary macrophages. Primary 

macrophages were infected with equal amounts of subtype C env chimeras, subtype C 

and B primary isolates and HIV-1BaL.  Cells were fed every 3 days and virus was assayed 

in the culture supernatant by RT assay. The graph shows the replication of the these 

chimeras and controls with each bar representing a day. Chimeras are shown on the x-

axis and RT assay counts on the y-axis. 

 

3.3 Role of host factors in differential HIV-1 replication in neonatal and 

adult mononuclear cells 

HIV-1 infected infants have higher levels of viremia and develop AIDS faster 

than infected adults.  However, the differential mechanisms of HIV-1 infection in 

neonates vs. adults are not known.  We have shown that HIV-1 replicates more efficiently 

in neonatal (cord) blood mononuclear cells (macrophages and T-lymphocytes) compared 
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with adult cells.  Furthermore, this differential HIV-1 replication in cord vs. adult cells is 

influenced at the level of HIV-1 gene expression and not at the level of entry and post 

entry events or cell proliferative capabilities (187) . This work further identifies several 

cellular factors that may contribute to this differential level of HIV-1 gene 

expression/transcription in cord vs. adult blood mononuclear cells. 

3.3.1 Differential HIV-1 gene expression in cord and adult mononuclear cells: 

 To elucidate the mechanisms of increased HIV-1 replication in cord blood 

mononuclear cells compared with adult blood cells, T-Lymphcoytes and MDM from 

CBMC and PBMC were infected with a single-cycle replication competent pseudovirus, 

HIV-NL-Luc-E
-
 (R

+
/R

-
) (48). This pseudovirus is HIV-1NL4-3 containing a stop codon in 

the env gene and is either vpr
+
 (R

+
) or vpr 

-
 (R

-
) and has luciferase cloned in the nef gene. 

This recombinant virus is enveloped with a MuLV amphotropic Env and is not dependent 

on CD4 and CCR5 or CXCR4 expression and infects a variety of cells with the same 

efficiency.  Since it only replicates for one cycle, it measures transcriptional activity via 

luciferase expression.  As shown in Fig 22, there was a 3 fold increase in luciferase 

activity in cord blood T-lymphocytes compared with adult T-lymphocytes (Fig. 22A) and 

a 10-fold increase in cord blood MDM compared with adult MDM (Fig. 22B). The gene 

expression data here correlate with the data of HIV-1 replication kinetics (Fig. 9), 

suggesting that the increased transcriptional activity in cord blood MDM and T-

lymphocytes compared with adult blood cells contribute to an accelerated viral 

replication in cord blood mononuclear cells compared with adult blood mononuclear 

cells. These experiments were done in triplicate and normalized with amount of protein in 
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the cells and were consistently reproduced from 7 different cord and adult blood donors. 

The P values for HIV gene expression between cord and adult T-lymphocytes are 

<0.000001 and MDM <0.001 (n=7).   
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Figure 22: Gene expression of cord and adult blood lymphocytes (A) and MDM (B). 

Cord and adult cells were infected with equal amounts of NL-Luc E
-
R

+
 virus and 72 hrs 

post infection the cells were lysed. The amount of luciferase in the lysate was assayed by 

a luciferase assay and expressed as relative light units on the y-axis. 

 

3.3.2 HIV-1 gene expression in CBMC and PBMC is regulated at the level of 

transcription 

 Ribonuclease protection assay (RPA) was used to determine if upregulation of 

HIV-1 gene expression in cord cells compared with adult cells was due to increased 

transcription.  RPA was preformed on luciferase mRNA from cord and adult blood MDM 

infected with NL-Luc-E
-
 R

+
 and NL-Luc-E

-
R

-
 viruses As shown in Fig. 23, there was a 

significant increase (~10 fold) in luciferase mRNA driven by LTR in cord blood MDM 

compared with adult blood MDM. The RPA results correlated with the gene expression 

data (Fig. 22). These experiments have been performed in MDM and T-lymphocytes 

from 7 different donors of cord and adult blood with P <0.001. (N=5) 

A. B. 
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Figure 23. Ribonuclease protection assay of luciferase mRNA (A) and quantitation of 

binding (B).   Cord and adult blood MDM were infected with equal amounts of HIV-NL-

Luc-E
-
R

+
(R

+
E

-
) and HIV-NL-Luc-E

-
R

-
 (R

+
E

-
) amphotropic viruses and lysates were 

hybridized with luciferase antisense RNA probe (a ~305-nucleotide riboprobe) and 

digested with RNase. (A) Protected bands were analyzed on urea-PAGE.  α-tubulin used 

as internal control. NS: non-specific RNA. (B) A densitogram analysis was performed to 

estimate the instensities of the protected bands. 

 

3.3.3 Cellular gene expression profile of cord and adult mononuclear cells: 

Transcription of HIV-1 genes is regulated by the HIV-1 LTR. HIV-1 transcription 

is regulated by a variety of host transcription factors that bind to the LTR and allow 

production of viral mRNAs. As differential HIV-1 replication is regulated by increased 

HIV-1 LTR driven transcription, it is likely that differential levels of cellular gene 

expression in cord blood mononuclear cells (CBMC) vs. adult blood mononuclear cells 

(PBMC) regulate HIV-1 LTR transcription. The work presented in this dissertation 

examines the cellular gene expression profile in CBMC and PBMC by Microarray and 

real-time PCR and identifies several host factors that may influence increased HIV-1 

gene expression in CBMC compared with PBMC.   

Luc RNA 

αααα-tubulin RNA 

B. 

A. 
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3.3.3.1 Isolation, stimulation and infection of CBMC and PBMC:  

Mononuclear cells were isolated from cord and adult blood as described in the 

methods. As HIV-1 infects various cell populations in the mononuclear cells, the entire 

mononuclear cell population was used for performing microarray. Cord blood yields 

more mononuclear cells that adult blood (224, 233), thus, 60-120ml of cord blood and 

200-250ml of adult blood was used for this experiment. Equal proportion of the isolated 

cells were used as un-stimulated (immediately after isolation), stimulated or infected 

cells. The cells were stimulated or infected for microarray analysis as described in 

materials and methods. 

3.3.3.2 Examination of HIV-1 gene expression in CBMC and PBMC:   

It is essential to establish the differential gene expression in the cells used in the 

experiment prior to performing the microarray analysis.  CBMC and PBMC were 

separated to lymphocytes and monocytes by adherence and infected with HIV-1 NL-Luc 

E
-
R

+
virus. A control infection was also done with HIV-1 NL-Luc-

 
E

-
R

- 
virus or without 

any virus (mock). Cells were fed with the same media used to culture whole PBMC and 

CBMC and were stimulated and infected in manner identical to those performed for the 

microarray analysis. Results (Fig. 24) show that there was a 3 fold difference in gene 

expression levels between cord and adult cells lymphocytes and a 6 fold difference in 

undifferentiated monocytes. 
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Figure 24: Gene expression of cord and adult blood lymphocytes (A) and undifferentiated 

monocytes (B). Cord and adult cells were infected with equal amounts of NL-Luc-E
-

R
+
virus and lysed 72 hrs post infection. The amount of luciferase in the lysate was 

assayed by a luciferase assay and expressed as relative light units on the y-axis. 

 

3.3.3.3 Isolation of RNA from CBMC and PBMC: 

Primary cells have lower levels of RNA as compared to cell lines. Therefore, it 

was necessary to use 60x10
6
 cells for each experiment for both cord and adult cells. RNA 

was isolated as described in methods. Sixty million cells yielded 40-60µg of total RNA, 

which was quantified and precipitated to obtain a more concentrated sample volume. 

Equal amounts of RNA was then used for further experimentation and aliquots of RNA 

were preserved for real-time PCR experiments to confirm fold changes observed in the 

microarray experiments. 

3.3.3.4 Estimation of RNA quality using Bioanalyzer:   

The quality of RNA extracted from the PBMC and CBMC was estimated as a 

function of area under 18S and 28S peaks from the total RNA.  Fig. 26 shows the peaks 

obtained from a virtual gel of 1µg of RNA run in the Agilent® BioAnalyzer 

 

A. B. 
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The low surface area under the 28S peak as shown by the blue line in Fig. 25 

shows that the RNA used in the experiment was not degraded and of adequate quality to 

be used in Microarray analysis. 

3.3.3.5 Hybridization of sample RNA to 22K human array chip: 

The figure below shows a representative area of a 22K human genome chip 

hybridized with Cy3 (green) labelled PBMC RNA and Cy5 (red) labelled CBMC RNA as 

analyzed by the SoftWorx™ tracker program. Green dots indicate genes that are 

expressed higher in PBMC than CBMC and red dots indicate genes are expressed at a 

higher level in CBMC than PBMC. Yellow dots indicate genes that are expressed equally 

in CBMC and PBMC. The fluorescent intensity of the spots read by the tracker was 

annotated with the DNA information from 22K genome chip and complete and 

meaningful information was obtained for each spot on the array. Data analysis was done 

in Gene Spring® (Silicon Genetics). 

Figure 25: Estimation of RNA quality 

using an Agilent Bioanalyzer chip. 
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Figure 26: Representative area of a 22K human genome chip. The chip was hybridized 

with Cy3 (green) labelled PBMC RNA and Cy5 (red) labelled CBMC RNA. Green dots 

indicate genes that are expressed higher in PBMC and red dots indicate genes are 

expressed at a higher level in CBMC. Yellow dots indicate genes that are expressed 

equally in CBMC and PBMC.  

 

3.3.3.6. Microarray data analysis of cellular gene expression profile using Gene 

Spring: 

The Gene Spring suite of programs is capable of acquiring fluorescent intensities, 

accounting for mean and median background and quantile normalization (29, 62, 185, 

212) based on photobleaching and control RNA levels. The data obtained from the 

SoftWorx™ tracker program was uploaded into Gene Spring. All the files for stimulated, 

unstimulated and infected samples were loaded together as one experiment so that the 

data from obtained from samples hybridized on different slides can also be compared. 

The normalized intensity was then visualized by a scatter plot as shown in Fig. 27. Lists 

were generated from the scatter plot by highlighting genes over a certain fold 

(demonstrated as black dots in Fig. 27) and the lists were compared and selected using a 

Venn diagram tool with gene lists to obtain genes of interest. In stimulated cells 8013 
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genes showed over 2 fold higher expression in CBMC over PBMC and 8028 genes 

showed over 2 fold higher expression in PBMC as compared to CBMC. Of these genes, 

1181 genes were upregulated in CBMC due to infection and 1414 genes were 

upregulated in PBMC. The number of genes does not give us a clear understanding of 

role of cellular factors that may cause an increase in viral transcription. So these genes 

were sorted based on their capacity to regulate cell cycle progression, increase 

transcription, control apoptosis and other genes that may play a role in HIV-1 replication. 

 

 
Figure 27: Scatterplot of the normalized fluorescent intensities of CBMC in the Y-axis and 

PBMC on the X-axis. The axes are represented in a log-scale and each dot on the graph 

represents one gene. The position of each dot (gene) on the graphs was determined by ratio 

of its message in CBMC RNA vs. PBMC RNA. The colors of the dots are random coloring 

where red dots indicate increase fold in CBMC and the green dots indicate increase fold in 

PBMC. The graphs also shows fold change lines +6,+4,+2,1,-2,-4,-6 from top to bottom. A 

positive fold change indicate higher level in CBMC and negative fold change indicates lower 

level in CBMC (or higher level in PBMC as the dots positions are ratio of CBMC over 

PBMC). 1 fold indicates the genes were equally expressed in CBMC and PBMC. 
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3.3.3.7 Differential expression of transcription factors in CBMC and PBMC:  
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Early HIV-1 transcription is mediated by the recruitment of host cellular 

transcription machinery by HIV-1 promoter (LTR).  HIV-1 LTR has binding sites for 

several host transcription factors such as NF-κB, Sp1, AP-1, NF-AT and NF-IL6 (22, 34, 

101, 220).  Cooperative binding of these factors and protein-protein interactions with 

TFIIH, p300, chromatin remodeling proteins (39, 64, 141, 268) and transcription 

regulators allow early viral transcription by host RNA polymerase. The levels of these 

transcription factors in host cells may play a critical role in expression of early viral 

regulatory proteins, Tat and Rev, (101, 220) which upregulate viral replication.  The 

levels of several host transcription factors were assessed in CBMC and PBMC.  The 

levels of these factors were evaluated in un-stimulated, PHA-stimulated and HIV-1 

Figure 28: Differential levels of host 

transcription factors and signal transducers 

that play significant roles in HIV-1 gene 

expression. mRNA levels of transcription 

factors as obtained from microarray analysis 

of unstimulated, stimulated and infected cells 

are shown with levels in CBMC shown in 

blue bars and levels in PBMC shown in 

orange bars. 
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infected cells. The differential expression of transcription factors in un-stimulated cells 

indicate the inherent differences between cord and adult cells that may contribute to 

differential HIV-1 replication. Since stimulated cells are infected with HIV-1, we 

determined the levels of host transcription factors in stimulated cells because these 

factors will interact with HIV-1 LTR to increase transcription. Furthermore, HIV-1 

infection can modulate the levels of several host genes resulting in differential rates of 

viral replication, cytopathic effects and disease progression. Thus, the cellular gene 

expression profile was also studied in infected cells to determine the levels of cellular 

genes that are differentially modulated in CBMC vs. PBMC that may account for 

increased HIV-1 gene expression and replication.  Some genes that are known 

modulators of transcription and may result in increased HIV-1 gene expression in CBMC 

are shown in Fig. 28.  The levels of mRNA in CBMC are shown in blue bars and PBMC 

in orange bars. It is significant to note that the NFκB levels are consistently higher in 

CBMC as compared to PBMC. In infected cells the levels of NFκB were 16 fold higher 

in CBMC than PBMC. Since NF-kB is critical for HIV-1 LTR driven transcription, it 

may significantly increase HIV-1 transcription in cord blood macrophages and 

lymphocytes compared with adult cells (Fig. 23). Other genes that modulate transcription 

such a STAT3 (Signal Transducer and Activator of Transcription-3) (111) and HAT-1 

(Histone Acetyl Transferase -1) were also higher in CBMC compared with PBMC.  

Increased levels of HAT-1, a chromatin remodeling protein (141), may allow a better 

exposure of HIV-1 LTR to transcriptional factors by removal of nucleosome 1 resulting 

in increased transcription and expression of HIV-1 gene products.  In addition, the level 
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of transcription inhibitory factors, YY1 (81), was compared in unstimulated, stimulated 

mock and infected cells. The levels of YY1 decreased more rapidly in CBMC as 

compared to PBMC as the cells were stimulated and then infected. This could also 

indicate that the repression of transcription was more rapidly relieved in CBMC as 

compared to PBMC, allowing higher levels of HIV-LTR induced gene expression in 

CBMC compared with PBMC.  
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Figure 29: Downregulation of YY1 in CBMC and PBMC upon stimulation and infection. 

Several genes that were differentially regulated between infected and un-infected 

cells of PBMC and CBMC are also shown in Table 9. It is interesting to note that genes 

such as Cyclin T1 and Cdk9 (194) that play important roles in HIV- 1 LTR based 

transcription are expressed at higher levels in CBMC.  Other known transcription factors 

such as GCN5, ATF4 and TFIIE were also expressed at higher levels in CBMC when 

compared to PBMC. This profile of differential transcription factors may play a role in 
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differential HIV-1 gene expression seen in cord blood and explain the differential viral 

replication in infants. 

3.3.3.8 Differential cytokine profile in CBMC and PBMC: 

Several other genes were upregulated in CBMC compared with PBMC that are 

critical for HIV-1 pathogenesis. Pro-inflammatory cytokines such as IL-1β and IL-6 were 

expressed at higher levels in cord and as compared to adult (Fig.30). These cytokines 

have shown to play significant roles in HIV-1 associated dementia which is the most 

common clinical outcome in HIV-1 infected infants. Cytokines such as IL-10 which are 

antagonists of pro-inflammatory cytokines such as IL-6 were also expressed at higher 

levels in CBMC than PBMC. Although very high levels of IL-10 are inhibitory to HIV-1 

replication, moderate levels have been shown to support viral replication (253, 254). It 

possible that this cytokine profile may contribute to increased viral gene expression in 

cord blood mononuclear cells allowing for differential disease progression in infants. 



 128 

0

1

2

3

4

5

6

IL-1b IL-6 IL-10

Un-stimulated cells

F
o
ld
 c
h
a
n
g
e

Cord

Adult

0

2

4

6

8

10

12

14

16

18

20

IL-1b IL-6 IL-10

Stimulated cells

F
o
ld
 c
h
a
n
g
e

Cord

Adult

0

1

2

3

4

5

6

IL-1b IL-6 IL-10

Infected cells

F
o
ld
 c
h
a
n
g
e

Cord

Adult

 

The cytokine genes that were differentially regulated are listed in Table 9. 

Although cytokines such as IFN-α and TNF-α were not upregulated in CBMC, the 

receptors for these cytokines were expressed at higher levels in CBMC as compared to 

PBMC.  

 

 

 

 

 

 

Figure 30: Differential levels of 

cytokines that play significant roles in 

HIV-1 gene expression. mRNA levels of 

cytokines as obtained from microarray 

analysis of unstimulated, stimulated and 

infected cells are shown with levels in 

CBMC shown in blue bars and levels in 

PBMC shown in orange bars. 
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Table 9:  Genes that were differentially regulated in CBMC and PBMC. 

Gene name Unstimulated Stimulated Infected 

CYTOKINES AND RECEPTORS 

Small inducible 

cytokine A2 

 2 fold 2 fold 2.5 fold 

TNF−α Unchanged Unchanged Unchanged 

IFN−α Unchanged Unchanged Unchanged 

MIP−1α Unchanged Unchanged Unchanged 

MIP−1β Unchanged Unchanged Unchanged 

TGF−β Unchanged Unchanged Unchanged  

 

IFN-γ receptor 2 3 fold 2 fold 3 fold 

IL-22 receptor 2 fold 2 fold 2 fold 

TNF-α receptor 2 fold 2 fold 2 fold 

CXCR4 Unchanged Unchanged Unchanged 

CCR5 Unchanged Unchanged Unchanged 

 

TRANSCRIPTIONAL ACTIVATORS 

NF-κB 6 fold 4 fold 16 fold 

HAT-1 2 fold 2 fold 2 fold 

ATF-4 2 fold 2 fold 2 fold 

GCN5 2 fold 2 fold 2 fold 

E2F 5 fold 1.3 fold 3 fold 

TF IIE  2 fold 2 fold Unchanged 

TF IIH 2 fold Unchanged Unchanged 

Cdk9 2 fold Unchanged Unchanged 

Cyclin T1 2 fold ~2 fold Unchanged 

 

SIGNAL TRANSDUCERS 

STAT3 2 fold 2 fold 2 fold 

STAT 5A 2 fold ~2 fold 2 fold 

 

MATRIX METTALOPROTEINASES 

MMP12 3 fold 3 fold 6 fold 

MMP14 Unchanged Unchanged 2 fold 

MMP7 Unchanged Unchanged 76 fold 

 

 Note: Cellular gene expression profile of CBMC and PBMC from un-stimulated, 

stimulated and infected cells was determined by Microarray and fold change was 

estimated in Gene Spring. 
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Chemokines that compete with HIV-1 such as MIP 1α and MIP 1β were 

expressed at same levels in CBMC and PBMC. The receptors for chemokines, CXCR4 

and CCR5, which are used by HIV for viral entry, were also expressed at similar levels in 

CBMC and PBMC.  Taken together, it is curious to note that some cytokines the immune 

system are significantly different between cord and adult cells whereas there is no change 

in expression in others. It is likely that these changes in CBMC those do not indicate to 

overt manipulation of the infant immune system and may account for small changes that 

are sufficient for HIV-1 to replicate better in these cells. 

 

3.3.3.9 Differential expression of matrix mettaloproteinases in CBMC and PBMC due 

to HIV-1 infection: 

Matrix mettaloproteinases (MMP) are usually secreted upon injury or infection. 

During HIV-1 infection, MMP are secreted by host cells in responses to viral replication 

and viral proteins. In infected infants, differential expression of MMP is associated with 

HIV disease and HIV-1 associated dementia (HAD). Over expression of MMP2 can 

convert the neural chemokine SDF-1 into a highly neurotoxic protein and cause neural 

degeneration (267). MMP7 can induce death of neuronal cells as well as CD4 

lymphocytes by a Fas-FasL pathway. Thus differential expression of MMP in CBMC 

compared with PBMC could be indicative of differential neuronal disease status, a 

primary morbidity in infants infected with HIV-1. Data in Table 9 shows that several 

MMP are expressed at higher levels in CBMC than PBMC and are upregulated upon 

HIV-1 infection. MMP7 that can cause CD4 lymphocyte death is expressed at 76 fold 

higher in CBMC as compared to PBMC. Although MMP are not implicated in increased 
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HIV-1 replication, their dysregulation is indicative of faster disease progression. The 

cellular expression profile of MMP shown in Table 9 could be predictive of adverse 

disease progression in neonates infected with HIV-1.  

3.3.3.10 Real time RT-PCR confirmation of differential mRNA expression in CBMC 

and PBMC: 

Microarray analysis is a quantitative tool to estimate differential cellular gene 

expression profile between two experimental setups such as CBMC and PBMC. 

However, the fold change as seen by microarray analysis may not reflect an exact fold 

change in the original samples. Experiment variables such as dye bias and dye-

incorporation may affect fold change estimation seen by microarray. Therefore, it is 

essential to accurately estimate the fold changes seen in CBMC and PBMC by a much 

more sensitive method such a real time RT-PCR. Real time RT-PCR estimates the levels 

of gene targets in the sample by performing a PCR with a double stranded DNA dye 

whose levels are estimated after every cycle of amplification.  As amplification 

continues, a sample with higher level of target will show a signal in earlier cycles of 

amplification whereas a sample with lower expression of target will appear in later cycles 

of amplification (Fig. 31). Real time RT-PCR experiments were done to confirm the fold 

changes of several genes seen to be differential expressed by Microarray in cord and 

adult blood cells. These experiments were performed with the original RNA that was 

used to perform the Microarray experiments.  
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Figure 31:  Real Time RT-PCR experiment. Real time RT-PCR of CBMC and PBMC 

mRNA from stimulated cells was done in duplicate with CBMC in blue and PBMC in 

red. The target are detected 3 cycles apart indicating an approximately 2
3
 = 8 fold change 

in mRNA expression 

 

Primer efficiency was calculated for each primer used in these experiments and 

efficiency ranged from 85−89%. Dissociation curves were also plotted for each primer 

set to ensure appropriate amplification for each target gene. Ct values for each gene for 

each experiment (unstimulated, stimulated or infected) was obtained for CBMC and 

PBMC and fold change was assesses by the ∆∆ Ct method.  GAPDH was used to account 

for any background changes that may be seen between CBMC and PBMC. 
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Table 10: Ct values of target genes that are differentially regulated in CBMC over 

PBMC. 

Experiment Genes Ct values 

(PBMC) 

Ct values 

(CBMC) 

Ct values 

(GAPDH-

PBMC) 

Ct values 

(GAPDH-

CBMC) 

Fold 

change 

NF-κB 24.32 27.63 2
3.18

=9 

STAT3 21.19 22.63 2
1.4

=2 Unstimulated 

Cdk9 17.69 18.97 

34.61 34.52 

2
1.2

=2 

NF-κB 24.03 26.92 2
2.9

=8 

STAT3 21.34 22.47 2
0.9

=2 Stimulated 

Cdk9 16.37 16.45 

33.63 33.73 

2
0.1

=1 

NF-κB 26.05 30.12 2
4.0

=16 
Infected 

STAT3 22.01 22.97 
33.97 33.89 

2
0.7

~2 

Ct value for GAPDH was subtracted from Ct values target gene from CBMC/PBMC 

respectively to yield corrected Ct values. The difference in the corrected values between 

CBMC and PBMC was raised to the power 2 to give fold change as shown. 

 

The fold change for several genes obtained from the Real time RT-PCR experiment is 

summarized in Table 10. This table confirms the fold change seen between CBMC and 

PBMC in the microarray experiment thus validating it. 
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4.  DISCUSSION 

The failure to curb AIDS is the biggest challenge that medicine is facing today. 

But this challenge has two sides; like a clap needs two hands and an argument needs two 

parties, disease needs both the host and the infectious agent. Just like every other story, 

the study of HIV-1 and AIDS has two players – the host and the virus. Continuing 

research has moved us away from days of the single slogan where virologists used to say 

“It is the virus, stupid” and the immunologists responded, “It is the immune system, 

stupid”. We have now come to understand that both viral and host factors volley in the 

AIDS game and the outcome of each serves cascades to determine the progression of the 

disease. This study has looked at both sides of the coin in HIV-1 disease, including viral 

factors (reverse transcriptase (RT) and envelope glycoprotein gp120) and several host 

factors, which may play critical roles in differential HIV-1 disease progression in hosts. 

My work has shown for the first time a high conservation of functional domains 

of HIV-1 RT during vertical transmission. The role of RT is critical in HIV-1 

pathogenesis as it is the primary force in generating HIV-1 variants that allow immune 

escape. We have previously shown a differential degree of heterogeneity in several genes 

between transmitting mothers and their vertically infected infants. As RT is a major 

contributor in the generation of viral diversity throughout the HIV-1 genome, we have 

determined the molecular properties of HIV-1 RT, including viral diversity, phylogenetic 

analysis and functional motifs required for RT activity from five mother-infant pairs 

involved in vertical transmission. Results from this study show that the conservation of 

functional domains and a low degree of heterogeneity in the RT gene following vertical 
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transmission. However, analysis shows that a greater percentage of mutations in the RT 

gene of mothers are positively selected for than in the infants. 

The heterogeneity generated by RT is uneven throughout the genome with higher 

variability seen in envelope gp120. The envelope gp120 is essential for virus entry, 

replication, pathogenesis and disease progression. Based on the variability in gp120 and 

other parts of the HIV-1 genome, HIV-1 has been classified into several subtypes (Fig. 

6). Several studies have demonstrated that different subtypes of HIV-1 exhibit differential 

rates of disease progression and dissemination. HIV-1 subtype C is responsible for over 

55% of all HIV-1 infection worldwide and has also been shown to spread rapidly in a 

population upon introduction. My work has analyzed the role of subtype C envelope 

gp120 in HIV-1 entry, coreceptor utilization, replication efficiency and cytopathic effects 

that may be influence increased HIV-1 pathogenicity and disease progression in people 

infected with subtype C.  The data suggest that subtype C gp120 may play an important 

role in increased rate of virus entry leading to increased viral replication in primary 

lymphocytes and macrophages. 

The second major player in HIV-1 disease progression is the host immune system 

and its ability to curtail the rapidly evolving virus. Several studies have shown that HIV-1 

infected infants progress to AIDS more rapidly compared with infected adults, including 

differences seen in clinical manifestations. However, the pathogenesis of pediatric AIDS 

is not known.  In this context, recent work from our laboratory has shown that HIV-1 

replicates more efficiently in neonatal (cord) blood mononuclear cells compared with 

adult cells (Fig. 9 and 10) and my work has demonstrated that this differential HIV-1 
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replication in neonatal vs. adult cells is regulated at the level of HIV-1 gene expression 

(Fig. 24).  I have used the power of Microarray technology to examine the levels of 

cellular factors in neonatal and adult cells, which may play important roles in differential 

HIV-1 gene expression. This work has resulted in the identification of higher levels of 

several novel factors, including transcriptional activators and repressors and pro-

inflammatory cytokines in neonatal mononuclear cells compared with adult cells that 

may influence increased HIV-1 gene expression and replication, resulting in a higher 

level of viremia and faster disease progression in neonates/infants compared with adults. 

In addition, increased levels of matrix mettaloproteinases in neonatal cells may have 

many implications to adverse disease outcomes in infants. Together, this work provides 

new information that may allow us to understand the mechanisms of HIV-1 pathogenesis 

in neonates and infants. Analysis of the host environment prior to and during HIV-1 

infection may provide novel targets to combat HIV-1 disease. 

4.1 Limited heterogeneity of HIV-1 reverse transcriptase gene following vertical 

transmission 

This study shows for the first time that reverse transcriptase open reading frames 

from five mother-infant pairs following perinatal transmission were maintained with a 

frequency of 87.2%. The functional domains required for reverse transcriptase activity in 

HIV-1 replication were highly conserved in most of the mother-infants sequences.  

Sequence analysis demonstrates a low degree of sequence variability and estimates of 

genetic diversity for reverse transcriptase genes after mother-to-infant transmission. 

However, epidemiologically unlinked individual's sequences were more heterogeneous 

than epidemiologically linked mother-infant pair's sequences.  Several motifs in reverse 
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transcriptase responsible for primer and template binding and positioning and motifs 

involved in nucleotide recruitment were conserved in all mother-infant pairs' sequences. 

The data shown here is comparable to those of our previously analyzed conserved genes, 

including gagP17MA, vif, vpr, tat and nef (74, 75, 93, 263, 264).  These findings suggest 

that an intact and functional reverse transcriptase open reading frame is essential for 

HIV-1 replication in mothers and their infants and a low degree of viral heterogeneity is 

maintained following vertical transmission.  

The RT open reading frame was maintained in 115 of the 132 sequences (1680 

base pairs sequenced), whereas 17 sequences contained stop codons (Fig. 12-17).  The 

frequency of conservation in five mother-infant pairs was found to be 87.2%.  The 

comparison of the RT sequences with those of other conserved genes from HIV-1 

infected mother-infant pairs showed comparable frequency of conservation, including 

gag p17 (86.2%), vif (89.8%), vpr (92.1%), tat (90.9%), nef (86.2%) and vpu (90.12%). 

There was no significant correlation between the conservation of RT open reading frame 

and disease progression in mothers and infants (14, 89, 91).  

  Phylogenetic analysis of the RT sequences revealed that the five mother-infant 

pairs were well discriminated, separated and confined within subtrees (Fig.11), indicating 

that the epidemiologically linked mother-infant pairs were closer to each other and that 

there was no PCR product cross-contamination (115, 259).  In addition, most of the 

mother and infant sequences of the same pair formed separate subclusters, with little 

intermingling between sequences of mother and infant in some pairs.  In some mother-
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infant pairs, minor variants of the mothers seem to be predominating in the infants, which 

was also seen in our previous V3 region analysis (11).  Some intermingling of sequences 

in mother-H and her infected twins was observed, indicating that different mother’s 

variants were transmitted to the twins. With respect to viral heterogeneity, there was a 

low degree of genetic variability in the RT sequences from mother-infant pairs estimated 

by several methods.  Similar levels of genetic diversity were seen in other conserved 

genes of the same mother-infant pairs, including gag, vif, vpr and tat (77, 79, 98, 273, 

274). The low degree of genetic variability was observed in RT sequences of mothers and 

maintained in the infants following transmission, suggesting the essential nature of this 

gene in viral pathogenesis.  

Upon in-depth examination of the motifs of the deduced amino acid sequences of 

the RT gene from five mother-infant pairs, it can be seen that the essential motifs 

required for RT activity were mostly conserved in our mother-infant pairs’ sequences 

(Fig. 12-17). The sites essential for primer binding, template binding, positioning of 

template and primer, which are located in α-Helix H and α-Helix I (98, 112), were are all 

conserved in RT sequences (Fig. 12-17). Specifically, the amino acids involved in 

recruitment of nucleotides during reverse transcription were mostly conserved.  The 

active sites of the polymerase are located in the palm subdomain at the bottom of the 

DNA binding cleft comprising of aspartic acid (D) residues at positions 110, 185 and 186 

were conserved within the five mother-infant pairs’ RT sequences. Furthermore, the 

D185 and D186 also form a part of an essential YMDD motif (56, 57, 90, 112), which is 
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highly conserved in known HIV-1 isolates, was also conserved in our mother-infant 

pairs’ RT sequences analyzed.  

Some of the amino acids of the connexion subdomain are critical for RNase H 

activity and replication (71, 104, 105) are conserved in our RT sequences with several 

substitutions of compatible nature, including V293I, K358R, A376S, and A390T. These 

substitutions were located in the regions of the connexion that forms the base of the 

binding cleft. It is possible that such mutations in the binding cleft may change the size of 

the cleft and affect fidelity of the reverse transcriptase without affecting the active site. 

Further assessment also shows that our RT sequences harbor mutations in the connection 

and RNase H subdomains that are not at the critical sites required for RT activity, but in 

either one amino acid prior or later to the critical amino acids. The implications of these 

mutations can be studied by performing the biological characterization of these RT clones 

in the context of HIV-1 replication. It would be interesting to determine the degree of 

genetic variability and conservation of RT functional domains in non-transmitting 

mothers and compare their sequences with the data presented here. Nonetheless, the data 

presented here demonstrates that functional domains of the RT enzyme, including reverse 

transcriptase, DNA polymerase and RNase H, were highly conserved in our five mother-

infant pair sequences.   

In terms of CTL epitopes in the RT gene, Wilson et al., have shown that the 

transmitting mothers have larger numbers of CTL escape variants as compared to non-

transmitting mothers but transmitted viruses may not be escape variants (257). It is 



 140 

possible that the CTL responses studied are tissue specific and a representation of 

peripheral blood, and the virus and the CTL variants in the placenta, birth canal, and 

breast milk are different (206). In addition, there is evidence suggesting that Nef and Pol 

specific CTLs found in breast milk showed no detectable responses in peripheral blood. 

Although several previously defined CTL motifs in the RT gene were conserved in these 

RT sequences, other mutations that either abrogated or improved the CTL responses were 

not seen in these sequences. The possibility exists that the mutants observed in the CTL 

epitopes in this study may contribute to differential responses in a tissue specific manner 

and thus influences vertical transmission. 

 While antiretroviral treatment during pregnancy has reduced the risk of vertical 

transmission in the United States, HIV-1 infection in children, as a result of perinatal 

transmission, is still increasing rapidly in developing countries. There is a global need of 

better preventive strategies of HIV-1 vertical transmission.  If we characterize the 

properties of the transmitted viruses, then we can develop interventions against the 

properties of the transmitted viruses. Previous studies have already shown that the minor 

genotypes with R5 phenotypes are transmitted from mothers to infants and  are initially 

maintained in the infants with the same properties (143).  Additional data on the 

properties of HIV-1 from mothers and infants following perinatal transmission presented 

in this study may aid in a better understanding of the molecular mechanisms of vertical 

transmission and development of effective strategies for prevention and control of HIV-1 

infection in children.    
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4.2. Role of envelope gp120 in differential HIV-1 pathogenesis of subtype C vs. 

subtype B 

 

HIV-1 infected individuals with different subtypes of HIV-1 exhibit variable 

outcomes of HIV disease (176). HIV-1 subtype C has been spreading more rapidly than 

other subtypes and has already become the most predominant subtype worldwide, 

suggesting that subtype may be more pathogenic than other subtypes.  This work 

examines the role of the HIV-1 subtype C envelope derived from patients from India in 

HIV-1 biology, including cellular tropism, viral replication efficiencies and cytopathic 

effects.  The data presented in this dissertation show that the subtype C envelope gp120 

(V3-V5 regions) reciprocally inserted into subtype B replication competent X4 virus 

(NL4-3) resultant chimeras showed increased levels of virus entry and replication 

efficiencies in primary lymphocytes and macrophages compared with subtype B chimeras 

and subtype B primary isolates (Fig. 20 and 21). Unlike the lymphotropic (X4) parental 

subtype B virus, HIV-1NL4-3, the subtype C env chimeras were unable to replicate in T 

lymphocyte cell lines, A3.01 and MT-2 (Fig. 19). This data suggest that the chimeras lost 

the lymphotropism of the parent clone, NL4-3, because of reciprocal insertion of the 

subtype C V3-V5 regions, as the V3 region determines the tropism of the virus and site-

specific mutations in the V3 region of X4 tropic virus can confer macrophage-tropism 

(R5) and abolish ability to infect some T-cell lines (219). In addition, all of the subtype C 

env chimeras failed to produce any syncytia in MT-2 cells, denoting non-syncytium 

inducing (NSI) phenotypes, similar to the R5 virus but not NL4-3 virus (Table 7 and 8).  

Furthermore, infection of U373-Magi-CXCR4 and U373-Magi-CCR5 cell lines indicate 
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that all the subtype C chimeric viruses utilized the CCR5 co-receptor, like the control R5-

tropic isolate HIV-1BaL, whereas the parental HIV-1NL4-3 utilized the CXCR4 coreceptor 

(Table 7 and 8). This further explains why these chimeric viruses replicated in peripheral 

blood lymphocytes (PBL) (Fig. 20) and macrophages (Fig. 21) due to the  presence of 

CCR5 coreceptor on these cells, but failed to replicate in the T4 lymphocyte cell lines, 

A3.01 and MT-2, due to the absence of CCR5 coreceptor. This data is consistent with 

other reports that suggest that subtype C infected individuals predominantly harbor R5 

virus phenotype even during symptomatic AIDS; contrary to subtype B infected patients 

with symptomatic AIDS who harbor mainly X4 virus. It has also been shown that R5 

tropic viruses can infect memory cells that express CCR5 (86). As subtype C infected 

individuals continuously harbor virus of the R5 phenotype, it is can be speculated that the 

loss of memory may be the cause increased disease progression in subtype C.  In 

addition, it has been found that the percentage of CD4 T cells expressing CCR5 in Indian 

adults is higher than adults of Caucasian race (189). It is likely, that due to the presence 

of a larger pool of CCR5 positive CD4 cells, virus may not need to undergo a coreceptor 

switch during disease progression and the possible loss of the memory T cell 

compartment may lead to adverse pathogenesis seen in subtype C infections. 

Chimeras from subtype C patients’ envelope showed differential rates of entry in 

the U373-MAGI-CCR5 line (Table 7), which correlated with increased replication in 

primary lymphocytes and macrophages (Fig 20, 21, Table 7). When the replication 

kinetics of these subtype C env chimeras was evaluated in PBL, we found these chimeras 

replicated at higher levels compared with the control viruses (HIV-1NL4-3 and primary 
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virus isolates). The V3 region of the gp120 is functionally important for virus infectivity 

(95, 96, 158) and replication efficiency (176) and it is likely that the replacement of the 

V3-V5 region from subtype C patient may be involved in the increased replication seen 

in these chimeras. True comparisons of replication kinetics of subtype C env chimeras 

however, can only be made with similar chimeras generated from other subtypes. From 

our previous work on subtype B envelope regions from patients (143), subtype B env 

chimeras had been generated in a manner similar to the subtype C env chimeras.  

Comparison of replication efficiencies between subtype C and subtype B env chimeras 

showed that subtype C chimeras replicated faster and at higher levels that subtype B 

chimeras.  Sequence data published earlier (99) show that the chimeras from patient 

AP.17 and AP.5 retained an N-linked glycosylation site at amino acid -1 of the V3, 

whereas other chimeras had mutations in this site. The replication data shows that the 

chimeras from these patients peaked very early during infection (Fig 20). It is likely that 

the presence of this glycosylation site in these patients may influence efficient 

receptor/coreceptor binding and modulate viral replication.  

Earlier experiments on analysis of chimeric viruses constructed from HIV-1 

clones with distinct phenotypes indicate that a functional interaction between V3 and the 

second conserved region (C2) is important for infectivity, syncytium formation and cell 

tropism, which helps in efficient viral replication (113, 226, 256). In spite of the absence 

of this region, our chimeras replicated faster than the other control subtype B viruses and 

were as efficient as other subtype C control viruses. The variable loops V4 and V5 of 

gp120 are less flexible regions of the proteins and may play important roles in CD4 
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binding and be critical determinant of neutralizing antibodies (127, 129). Both these 

loops were included in our chimeras and may play roles in the differential replication that 

we have observed. Several groups performing in-vivo studies on rhesus macaques with 

chimeric env viruses have shown that infections with chimeric viruses with HIV-1 

subtype C env demonstrate greatly enhanced infectivity (40, 41, 166), however similar 

experiment done with subtype B and E did not show increased infectivity (28, 84). Other 

groups have shown that vaginal transmission of subtype C env chimeric viruses with R5 

tropism has shown significant CD4
+
 lymphocytopenia in the gut lamina propria (41). 

These biological properties of subtype C implicate the role of envelope gene in 

differential replication and pathogenesis of this subtype. 

Increased replication efficiency of subtype C viruses has also been attributed to 

the presence of an extra NF-κB site in the subtype C LTR (157, 161, 169, 201).  In 

addition, subtype C viruses have shown to be transmitted and spread more efficiently 

than other HIV-1 subtypes (173, 176). Several studies have shown that in sub-saharan 

Africa, Asia and in South America, HIV-1 subtype C is preferentially transmitted over 

other subtypes (171, 192, 217, 223). This rapid transmission may not only be explained 

due to increased LTR activity, but may also be due to differential rate of entry of the 

virus during transmission. The data presented here show that virus entry and replication 

efficiency influenced by Env gp120 contributes to higher level of viral replication in 

subtype C compared with subtype B.  This could explain a high viral load and rapid 

disease progression in patients infected with HIV-1 subtype C as these patients also show 

faster progression from an asymptomatic state to clinical AIDS.  These results from my 
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experiments taken together with research done by others implicating R5 tropism of 

subtype C to T cells loss in the gut and the possible loss of memory T cells, provides 

significant findings in the role of envelope gp120 in the differential HIV-1 pathogenesis 

of subtype C. 

4.3 Role of host factors in differential HIV-1 replication in neonatal and adult 

target cells:  

Several studies have emphasized that different individuals react differently to 

HIV-1 infection and disease progression. Infants for example, have a higher viral load 

and progress to AIDS faster than adults and show adverse clinical, neurological and 

immunological manifestations compared with infected adults (24, 25, 58, 193, 240, 243). 

Our recent study has demonstrated that HIV-1 replicates more efficiently in neonatal 

target cells compared with adult cells (187), which may account for the differential viral 

load and disease progression in neonates vs. adults. This differential replication kinetics 

in neonatal vs. adult cells was not dependent on levels of HIV-1 receptor (CD4) and 

coreceptor (CCR5 or CXCR4) expression, post-entry events (reverse transcription and 

translocation of preintegration complex into the nucleus) or cell proliferative capabilities 

(187). This work showed that the increased rate of HIV-1 replication in neonatal cells 

was regulated at the level of HIV-1 LTR driven transcription and gene expression.  This 

suggests that different levels of cellular factors in neonatal vs. adult cells may be 

involved in regulation of HIV-1 gene expression in these cell types. 
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During HIV-1 replication, transcription of early regulatory genes is regulated by 

host factors alone. HIV-1 LTR contains binding sites for several host transcription factors 

that regulate transcription of viral genes (199, 200).  

 

Figure 32: Schematic representation of transcription factor binding sites at the HIV-1 

LTR. 

Host transcription factors can directly bind the viral genome via a DNA-protein 

interaction or act co-operatively by protein-protein interactions to modulate HIV-1 

transcription. As the viral genome is integrated into the host chromosome, the 

nucleosome complex and chromatin structure also modulate HIV-1 transcription (82, 

141). Several host factors such as histone acetyl transferases and histone deacetylases 

regulate these chromatin structures to either up-regulate or abrogate transcription at the 

viral LTR. HIV-1 transcription is more active in stimulated cells than in quiescent cells. 

Host proteins such as cytokines and signal transduction molecules that modulate the 

activation state of the host cells also affect viral gene expression (111). The disease state 

in an HIV-1 infected individual is not only modulated by direct cell killing by the virus, 

but also by the increased secretion of host proteins that increase inflammation and 

pathogenecity. Viral proteins such as gp120 and Tat are toxic to host cells and can 
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mediate host cell apoptosis independent of viral replication (15, 80, 130). When 

accounting for factors responsible for disease progression in HIV-1 infection, it is 

essential to look at all these host proteins in tandem to see a bigger picture that may 

provide a better understanding of this disease.  

Microarray technology allows us to examine several thousand genes at a glance 

and can help us to study a complex syndrome such as the one caused by HIV-1 infection.  

This study examines the profile of host cellular factors in neonatal and adult mononuclear 

cells that may account for an increase in HIV-1 gene expression that we have observed in 

our recent study. The use of microarray technology has been a powerful tool in studying 

the differences in entire cellular gene expression profiles of neonatal and adult cells, prior 

to and after HIV-1 infection. Umbilical cord blood is very similar to neonatal blood in the 

level of several immune cells and their state of activation. In addition, cord blood, like 

neonatal blood, has more CD45RA
+
 T-lymphocytes and less CD45RO

+ 
T-lymphocytes 

and is immature compared with adult blood, and is also available in a larger volume than 

neonatal blood.  Thus, I have used mononuclear cells from cord blood to represent 

neonatal cells and to compare the gene expression profile with those of adult cells.  

Previous studies have examined each cellular component of the immune system 

separately during HIV-1 infection. Since HIV-1 affects most of the major immune cell 

types, my study has used mononuclear cells from cord (CBMC) and adult blood (PBMC) 

to analyze gene expression profile that may modulate HIV-1 infection. Cells from CBMC 

and PBMC may be inherently different in the levels of cellular factors, thus, it is 
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important to determine gene expression profile of fresh unstimulated CBMC and PBMC 

to identify these differences.  

As in-vitro HIV-1 infection related experiments are mainly carried out in 

stimulated cells, the level of cellular factors that are upregulated in these stimulated cells 

may primarily contribute to HIV-1 gene expression and replication.  Moreover, HIV-1 

infection can modulate the host environment changing the cellular gene expression 

profile of the host and this can further modulate HIV-1 replication and disease outcome. 

My study has utilized microarray to examine the differences in the cellular gene 

expression profile of CBMC and PBMC that are unstimulated, stimulated and infected 

with HIV-1 to obtain a complete picture on the contribution of cellular factors in HIV-1 

gene expression and replication. The experimental setup involves use of two color arrays 

that compare the mRNA expression in CBMC and PBMC on one slide for each 

experimental test making the experiment comparative as well as cost-effective. Several 

arrays were performed with different donors of cord and adult blood to account for host-

to-host variability that might affect such large-scale analyses. 

The Microarray data show that several transcription factors, including NF-κB, 

HAT-1, Cdk9, Cyclin T1, TFIIH, TFIIE, GCN5 and ATF4 were expressed at 2 fold 

higher levels in CBMC as compared to PBMC (Table 9). 
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Figure 33. Diagrammatic representation of transcription factor binding sites at the HIV-

LTR and the regulation of the LTR by viral and host gene products 

 

As shown in Fig. 33, almost all transcription factors that were upregulated in CBMC 

(Table 9) play significant roles in transcription at the LTR (highlighted by red ovals in 

Fig. 33). NF-κB is an important transcription factor that is critical for HIV-1 LTR 

transcription (164). The lack of NF-κB in cells or mutations in the NF-κB sites in HIV-1 

LTR significantly decreases or abrogates viral transcription. Significant increases in NF-

κB levels (Table 9 and Fig. 28) in un-stimulated, stimulated and HIV-1-infected CBMC 

suggest that NF-κB may contribute considerable increase in viral gene expression, as 

seen in CBMC compared with PBMC. Cdk9 and Cyclin T1 are essential for HIV-1 

transcription in the presence of Tat (131, 194). Presence of these proteins enhances viral 

transcription. A two fold increase was seen in these factors in stimulated and 

unstimulated cells (Table 9) which may allow efficient transcription at the HIV-1 LTR 

accounting for the increase gene expression in CBMC. Histone Acetyl transferase, HAT-
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1 allows unwinding of chromatin at the nucleosome 1 located on HIV-1 LTR (Fig. 34). 

Increase in HAT-1 expression seen in CBMC (Fig. 28) may allow for a more open 

chromatin structure at the LTR in CBMC allowing more transcription and higher gene 

expression in these cells. 

               
Figure 34: Schematic representation of host factors that open the nucleosome structure at 

HIV-1 LTR and allow processive transcription by host RNA polymerase. 

 

HIV-1 gene expression can be increased either by higher levels of transcriptional 

activators or lower levels of transcriptional repressors. I was able to identify that the 

transcriptional repressor of LTR, Yin-Yang1 (YY1) (81), was expressed at lower level in 

CBMC as compared to PBMC.  In addition, this slight difference in unstimulated CBMC 

was increased to upto two fold in stimulated cells (Fig. 29). This higher rate of decrease 

of YY1 in CBMC could also indicate that the repression of transcription was more 

rapidly relieved in CBMC as compared to PBMC, allowing higher levels of HIV-LTR 

induced gene expression in CBMC than PBMC. This differential profile of transcription 

NF-κB 
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factors may in concert contribute to the increased level of HIV-1 gene expression in 

CBMC as compared to PBMC. 

 Cytokines and chemokines play important roles in regulating HIV-1 replication. 

During the course of HIV-1 infection, secretion of T-helper 1 (Th1) cytokines such as IL-

2 and IFN-γ, is generally decreased, whereas production of T-helper 2 (Th2) cytokines 

(IL-4, IL-10), pro-inflammatory cytokines (IL-1, IL-6 and IL-18, and TNF-α)  is 

increased (107, 108). Such dysregulation in cytokine production contributes to the 

pathogenesis of the disease by impairing cell-mediated immunity. Many of the Th1 

cytokines have shown to modulate HIV-1 infection in monocytes and CD4 T cells. 

Cytokines such as TNF-α, TNF-β, IL-1, IL-6, IL-2, IL-7 and IL-15 upregulate HIV-1 

infection in CD4 T cells and/or cells of the monocyte/macrophage lineage (107, 179). IL-

1 in synergy with IL-6 has been shown to induce HIV-1 replication in chronically 

infected cells (178).  Binding of IL-6 with their cognate receptor induces signaling via the 

JAK-STAT pathway.  IL-6 induces STAT3 activation (87, 109) and active STAT3 

dimerizes and localizes to the nucleus where it binds to DNA leading to transcription. 

Several genes have elements that allow STAT3 binding to increase their transcription. 
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 Microarray analysis of unstimulated, stimulated and HIV-1 infected CBMC and 

PBMC have shown differential expression of several cytokines that influence HIV-1 

infection. Table 9 shows that pro-inflammatory cytokines such as IL-1β and IL-6 were 

expressed between 3 to 18 fold higher in unstimulated, stimulated, and HIV-1 infected 

CBMC as compared to PBMC. Increased expression of these cytokines has also been 

detected in the saliva of HIV-1 infected individuals (225). As IL-1β and IL-6 induce viral 

mRNA production during HIV-1 infection (178), the increased production of both IL-1β 

and IL-6 in CBMC could be predictive of increased HIV-1 gene expression seen in cord 

blood MDM and lymphocytes. IL-1β in the context of HIV-1 infection can also induce 

FasL via the NF-κB pathway (68). This leads to reactive astrogliosis which is a 

prominent pathological finding in HIV-1 associated dementia (HAD). HAD is a 

Figure 35: Signaling cascade of cytokine 

mediated effects in cells. Binding of 

several cytokines such as IL-6 induce the 

JAK-STAT pathway which leads to 

cellular gene transcription. 
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predominant clinical manifestation of HIV-1 pathogenesis in infants and occurs much 

more rapidly in infants than in adults infected with HIV-1 (24, 58). The increased 

expression of these cytokines in unstimulated, stimulated and HIV-1 infected CBMC 

possibly indicates that there could be a higher level of HIV-1 replication in CMBC than 

PBMC leading to faster disease progression in infants than adults.  Furthermore, there 

was also a higher expression of IL-10 in unstimulated, stimulated and infected CBMC 

than PBMC (Table 9). IL-10 is a known antagonist of pro-inflammatory cytokines such 

as IL-1 and IL-6. However, previous studies have shown that IL-10 expression at 

moderate levels can act with IL-1 and IL-6 allowing increased transcription of viral 

mRNA during HIV-1 infection (253). Thus, increased production of IL-10 in CBMC may 

also influence increased HIV-1 gene expression in CBMC. In addition, increased 

production of IL-6 and IL-10 in CBMC suggest a predisposition in the immature immune 

system to the Th2 pathway, which is ineffective in controlling HIV-1 replication and 

pathogenesis in infected patients. Cytokines induce transcription of several genes that 

have the capacity to act as transcription factors. One such factor is NF-IL6 that is induced 

by both IL-1 and IL-6 (13, 87, 231).  Interestingly, NF-IL6 has binding sites in several 

genes, including IL-1, IL6 and the HIV-1 LTR (203, 239).  
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Figure 36. Schematic of HIV-1 LTR showing binding sites for NF-IL6. 

 

Binding of NF-IL6 to the HIV-1 LTR upregulates transcription of HIV-1 gene 

products (203, 239). Therefore, higher levels of IL-1 and IL-6 in CBMC than PBMC can 

increase the expression of NF-IL6 leading to upregulation of HIV-1 gene expression 

CBMC.  

This microarray analysis provided several other curious findings. Although 

CBMC did not show higher expression of cytokines, including IFN-α, TGF-β, TNF-

α than PBMC (Table 9), several cytokine receptors genes, TNF-α receptor, IFN-γ 

receptor and IL-22R were upregulated 2-3 fold higher in CBMC than PBMC. The role of 

increased expression of cytokine receptors without the concomitant increase of their 

ligands is not clear.  However, it is possible to speculate that a complete dysregulation of 

several cytokines may be harmful for the survival of the neonates and infants and that just 

an indirect change in cytokine receptor levels may be sufficient to provide an 

environment conducive to infection, especially by HIV-1. 
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Several other genes that do not alter HIV-1 replication, but affect pathogenesis 

and disease progression have also been revealed by this analysis. One such finding is 

Matrix mettaloproteinases (MMP) that were found to be upregulated in HIV-1 infected 

CBMC.  Increased production of some MMP has been shown to convert normal 

chemokines in the neuronal environment such as SDF-1 to highly toxic proteins (267). 

MMP can also traverse the placenta and increased production of MMP in HIV-1 infected 

pregnant women has shown to be predictive of cardiac dysfunctions in their children after 

birth (235).  Some MMP such as MMP7 have been shown to induce apoptosis in CD4 T 

cells and neuronal cells via a Fas-FasL pathway (135). My analysis has revealed a higher 

expression of some MMP in CBMC as compared to PBMC. Table 9 shows that MMP12, 

MMP14 and MMP7 were all upregulated in CBMC due to HIV-1 infection.  The role of 

MMP 12 and MMP14 has not been elucidated with respect to HIV-1 infection. Since 

these genes are up-regulated during HIV-1 infection, they may play a role in changing the 

cellular environment and affect the rate of host or viral survival. It is important to note 

that MMP7 was up-regulated by 76-fold in CBMC over PBMC due to HIV-1 infection. 

An increase in MMP7 has implication in apoptosis of neuronal cells and T-cells. It is 

likely that this profile of matrix mettaloproteinases may influence a more severe outcome 

of HIV disease in neonates and infants compared with adults. 

The data from microarray experiments have shown that CBMC have higher levels 

of transcription factors, HIV-inductive cytokines and matrix mettaloproteinases 

compared with PBMC all of which might contribute to the a higher level of viremia and 
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faster disease progression in neonates and infants than adults. These factors may become 

new targets to develop strategies for treatment of HIV-1 infection in neonates and infants. 

 

4.4 Conclusion, Implications and Future Direction 

HIV-1 research has continued on for over two decades in trying to identify targets 

that may allow us to curb this pandemic. In this dissertation, I have characterized the 

molecular properties of reverse transcriptase gene involved in vertical transmission, 

evaluated the role of HIV-1 subtype C envelope gp120 in differential HIV-1 pathogenesis 

of subtype B vs. subtype C, and determined the profile of cellular gene expression that 

may influence differential HIV-1 replication and gene expression in neonatal vs. adult 

mononuclear cells. The low degree of heterogeneity and conservation of functional 

motifs of reverse transcriptase enzyme (reverse transcriptase, DNA polymerase and 

RNase H) following vertical transmission suggest that new inhibitors of RT should be 

developed, especially targeted at the RNase H activity. The role of subtype C envelope 

gp120 (V3-V5 regions) made a significant difference in the biological properties of HIV-

1, including coreceptor utilization, replication efficiency and cytopathic effects, 

suggesting that envelope gp120 can be targeted in order to curb the rapid spread of 

subtype C.  Most importantly, this work elucidated the mechanisms of differential HIV-1 

infection and suggested that it is influenced at the level of HIV-1 gene expression.  This 

work also led to the identification of several cellular factors, including transcriptional 

factors, cytokines and matrix mettaloproteinases in neonatal and adult mononuclear cells.  

These results may contribute to higher levels of viremia and faster disease progression in 
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neonates and infants compared with adults. The roles of these cellular factors in HIV-1 

infection have to be evaluated as these factors can be targeted for development of 

strategies for treatment of pediatric AIDS. 
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